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 66 

Abstract  67 

Chronic inflammation, including that driven by autoimmunity, is associated with development of B-68 

cell lymphomas. IL1R8 is a regulatory receptor belonging to the IL1R family, which negatively 69 

regulates NF-κB activation following stimulation of IL1R or Toll-like receptor (TLR) family 70 

members. IL1R8-deficiency is associated with the development of severe autoimmune lupus-like 71 

disease in lpr mice. We herein investigated whether concomitant exacerbated inflammation and 72 

autoimmunity caused by the deficiency of IL1R8 could recapitulate autoimmunity-associated 73 

lymphomagenesis. We thus monitored B-cell lymphoma development during aging of IL1R8-74 

deficient lpr mice, observing increased lymphoid cell expansion that evolved to diffuse large B-cell 75 

lymphoma (DLBCL). Molecular and gene expression analysis showed that the NF-κB pathway was 76 

constitutively activated in Il1r8
-/-

/lpr B splenocytes. In human DLBCL, IL1R8 had reduced 77 

expression compared to normal B cells, and higher IL1R8 expression was associated with better 78 

outcome. Thus, IL1R8 silencing is associated with increased lymphoproliferation and 79 

transformation in the pathogenesis of B-cell lymphomas associated with autoimmunity.  80 

 81 

   82 
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Introduction 83 

 The association between chronic inflammation and promotion of malignancy was first 84 

described in the nineteenth century (1) and is supported by epidemiological and mechanistic data 85 

(2,3). In particular, patients suffering from certain autoimmune or inflammatory conditions, such as 86 

systemic lupus erythematosus (SLE), rheumatoid arthritis and Sjogren’s syndrome are prone to 87 

develop lymphomas, namely B-cell non-Hodgkin’s lymphomas (B-NHL) (4-7). The mechanisms 88 

triggering the transition from benign B-cell proliferation to malignancy are still only partially 89 

defined. Chronic inflammation, antigen stimulation and B-cell receptor signaling, associated with 90 

the inherent genetic instability of lymphocytes, are known to play a central role in lymphoma 91 

development (8,9). More specifically, gain of function mutations of MyD88 and constitutive 92 

activation of NF-κB have emerged among the most frequently recurring mutations in B-cell 93 

lymphoproliferative diseases (10). 94 

Mice homozygous for the lymphoproliferation spontaneous inactivating mutation (Fas
lpr

) 95 

show systemic autoimmunity, massive lymphadenopathy associated with proliferation of aberrant T 96 

cells, arthritis, and immune complex glomerulonephrosis (11). In humans, germline mutations in 97 

the Fas gene have been associated with autoimmune lymphoproliferative syndrome (ALPS) (12), 98 

and somatic Fas mutations have been found in multiple myeloma and B-NHL (4). 99 

IL1R8 (also known as TIR8 or Single Ig IL1 related receptor, SIGIRR) is a member of the 100 

interleukin-1 receptor (IL1R) family acting as a negative regulatory receptor (13). IL1R8 inhibits 101 

NF-κB and JNK activation following stimulation of IL1R or TLR family members by interfering 102 

with the recruitment of TIR domain-containing adaptor molecules (14-17). In combination with 103 

IL18Rα, IL1R8 also serves as one of the receptor chains for the anti-inflammatory cytokine IL37, 104 

thereby activating anti-inflammatory responses (18).  105 

IL1R8-deficiency leads to uncontrolled activation of IL1R or TLR family members and is 106 

associated with exacerbated inflammatory responses (14,19) and autoimmunity (16,20-22). 107 

Accordingly, downregulation of IL1R8 is observed in psoriasis (23). Depending on the context, 108 
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IL1R8 is involved in modulating either inflammation-associated tumorigenesis and tumor 109 

progression, including colorectal cancer (19,24,25) and chronic lymphocytic leukemia (CLL) (26), 110 

or NK cell–mediated antitumor immune responses in mouse models (27,28).  111 

IL1R8-deficiency in lpr mice is associated with severe lymphoproliferation and autoimmune 112 

lupus-like disease (16), due to increased dendritic cell (DC) activation and B-cell proliferation in 113 

response to TLR7- and TLR9-activating autoantigens or nucleosomes (29,30).  114 

The involvement of IL1R8 in autoimmunity, and the critical role of constitutive activation of 115 

MyD88-dependent NF-κB activation in B cell transformation raised the hypothesis that IL1R8 116 

might be involved in the autoimmunity-associated risk of developing lymphoma. Here we show that 117 

IL1R8-deficiency was associated with significantly earlier death and increased susceptibility to 118 

lymphoproliferation, which evolved in transplantable diffuse large B-cell lymphoma (DLBCL). 119 

Analysis of clonality showed that multiple independent transformation events occurred in the same 120 

host. In humans, IL1R8 was poorly expressed in DLBCL cell lines and primary lesions when 121 

compared to peripheral blood or germinal center B cells and was associated with better outcome in 122 

terms of overall survival, suggesting that IL-1R8 downregulation is a driver of lymphomagenesis.  123 

 124 

Material and Methods 125 

Animals and samples: IL1R8-deficient (Il1r8
-/-

) mice were generated as described (14) and 126 

backcrossed to the C57BL/6J background (Charles River Laboratories, Calco, Italy) up to F11 127 

generation. Il1r8
-/-

 and B6lpr/lpr (Charles River Laboratories) were crossed to generate Il1r8
-/-

/lpr 128 

mice. Mice were housed in the SPF animal facility of Humanitas Research Hospital in individually 129 

ventilated cages. Mice were sacrificed at 12-18 months of age, unless they reached the established 130 

endpoints and organs were collected for histological and molecular analysis. Procedures involving 131 

animals have been conducted in accordance with, and with the approval of the Institutional Animal 132 

Care and Use Committee (IACUC) of Humanitas Research Hospital and Italian Health Ministry 133 

(authorizations 43/2012-B released on 08/02/2012 and 828/2015-PR released on 07/08/2015), in 134 
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compliance with national (D.L. n.116, G.U., suppl. 40, February 18, 1992; D.L. n.26, March 4, 135 

2014) and international law and policies (EEC Council Directive 86/609, OJ L 358,1,12-12-1987; 136 

EEC Council Directive 2010/63/UE; National Institutes of Health Guide for the Care and Use of 137 

Laboratory Animals, US National Research Council, 2011). All efforts were made to minimize the 138 

number of animals used and their suffering.  139 

Histopathology and immunohistochemistry: 5 μm thick sections of formalin-fixed, paraffin 140 

embedded mouse tissues were stained with H&E. Based on lymphoid follicle morphology, a 141 

pathological score was attributed to the spleen and lymph nodes of each 10-12-month-old mouse 142 

analyzed (normal = 0; reactive = 1; reactive > atypical = 2; atypical > reactive = 3; atypical = 4; 143 

atypical > lymphomatous = 5; lymphomatous > atypical = 6; lymphomatous = 7). Slides were 144 

analyzed by a certified hematopathologist (MP) and two investigators who were blinded to the 145 

experimental group . The following antibodies were used: anti-B220 (RA3-6B2, Serotec), anti-Ki67 146 

(SP6, Neo Markers), anti-CD3 (1F4, Biorad), anti-BCL6 (Rabbit polyclonal, Santa Cruz), anti-147 

BCL2 (C21, Santa Cruz), anti-Multiple Myeloma 1/Interferon Regulatory Factor 4 protein 148 

(MUM1/IRF4) (3E4, Biolegend) (31). 149 

Tumor transplantation: 10
7
 cells (5x10

6 
splenocytes plus 5x10

6 
lymph node cells) from 10-12-150 

month-old Il1r8
-/-

/lpr (n = 8) or Il1r8
+/+

/lpr (n = 7) mice were injected ip, sc or iv into C57BL/6J, 151 

nude, or SCID mice (n = 17 recipients of Il1r8
-/-

/lpr cells; n = 16 recipients of Il1r8
+/+

/lpr cells). 152 

Recipient animals were sacrificed when clinical signs (enlargement of mandibular lymph nodes or 153 

abdomen) were evident or 12-20 months after transplantation and organs were collected for 154 

histological and molecular analysis. The genotype of several tissues of all  recipient mice was 155 

analyzed for lpr and Il1r8 mutations by PCR (14).  156 

Western blot analysis of purified B-cell lysates (30 µg total proteins) was performed with the 157 

following antibodies: rabbit anti-p100/p52 (CS4882, 1:1000, o/n at 4°), mouse anti-Phospho-p65 158 

(CS3036, 1:1000, o/n at 4°C), rabbit anti-p65 (CS8242, 1:1000, 2h RT) (Cell signaling); anti-beta-159 

actin-HRP (SIGMA A3852, 1:10000, 2h RT), followed by anti-rabbit-HRP (Sigma A0545, 1:5000) 160 
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or anti-mouse-HRP (Sigma A3682, 1:5000), using 10% or 4-12% gradient precast gels 161 

(Genescript). 162 

Real-Time PCR and Real-Time PCR array: Total RNA from mouse spleen purified B cells, 163 

DLBCL cell lines and B cells from healthy donor buffy coats was isolated with a column-based kit 164 

followed by DNAse treatment (Promega) (for PCR array) or TRI Reagent (Sigma-Aldrich) (for 165 

PCR). RNA was retrotranscribed and cDNA used for gene expression analysis by Real-Time PCR 166 

and Real-Time PCR array (Biorad Prime PCR ARRAY code:10034381).  167 

Real-time PCR was performed in QuantStudium 7 Flex (Applied Biosystems, Thermo Fisher) or 168 

7900 Sequence Detection System (Applied Biosystem), in duplicate using Power Sybr Green PCR 169 

Master Mix (Applied Biosystem) and primers (300 nM) in MicroAmp optical 96-well plates (25μl). 170 

The following primer pairs were purchased from Invitrogen: Nfkbiz for 5’-171 

GCGCTCTCGTATGTCC-3’; Nfkbiz rev 5’-AGACTGCCGATTCCTC-3’; GAPDH for 5’-172 

GCAAAGTGGAGATTGTTGCCAT-3’; GAPDH rev 5’-CCTTGA CTGTGCCGTTGAATTT-3’ 173 

(28); human IL-1R8 For: 5’-CCGACCTTTTGG TGAACCTGA-3’; human IL-1R8 Rev: 5’-174 

TGGCCCTCAAAGGTGATGAAG-3’; Universal actin For: 5’-175 

CCCAAGGCCAACCGCGAGAAGAT-3’; Universal actin Rev: 5’-176 

GTCCCGGCCAGCCAGGTCCAG-3’.  Experiments were repeated at least twice. The expression 177 

of the target gene was normalized using GAPDH or β-actin cDNA expression of the same sample 178 

and run, and reported as 2^(-deltaCT). 179 

For Real-Time PCR array, the analysis of 84 NF-κB signaling target genes was performed as 180 

described (32). Data were reported as 2^(-deltaCT), relative to the average of 6 housekeeping genes. 181 

Of note, the specific assay for Fas mRNA expression is designed within the exons 1 and 2, and it 182 

recognizes both wild type and mutant Fas (33). 183 

IgH gene rearrangement analysis: IgH gene rearrangement was investigated by Southern blot 184 

analysis of genomic DNA from different organs of one 20-month-old wild-type mouse transplanted 185 

sc with total lymph node and spleen cells collected form one 11-month-old Il1r8
-/-

/lpr mouse. DNA 186 
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(5 μg) was extracted from spleen, lymph nodes, and solid lesions (100 mg each), digested with 187 

EcoRI or StuI and subsequently hybridized with a 
32

P-labeled DNA probe PJ3 representing the JH4 188 

region of the IgH locus, as described (34).  189 

Cell culture: B cells were isolated from 100x10
6
 splenocytes using a B cell isolation kit (Miltenyi 190 

Biotec), plated in 48-well plate at 1 x 10
6
/ml and cultured overnight.  191 

Human DLBCL cell lines SU-DHL-2 (ATCC CRL-2956), SU-DHL-4 (ATCC CRL-2957), SU-192 

DHL-6 (ATCC CRL-2959), SU-DHL-8 (ATCC CRL-2961), RC-K8 (DSMZ ACC-561), and RIVA 193 

(RI-1; DSMZ ACC-585) were received in 2013, expanded and frozen, and then thawed and grown 194 

for 10 days in RPMI or IMDM (RIVA, RC-K8) medium supplemented with 10–20% FCS, 2mM L-195 

glutamine, and streptomycin (100 U/ml) before the experiments. DLBCL cell lines were not 196 

authenticated, were routinely tested for Mycoplasma contamination and only Mycoplasma free cells 197 

were used for flow cytometry and molecular analysis.  198 

Flow cytometric analysis: Mouse spleen B cells overnight cultured in medium or in presence of 199 

LPS (100 ng-1 μg/ml, Sigma-Aldrich) were incubated with anti-mouse CD86 (GL1, eBioscience) 200 

and anti-mouse CD19 (1D3, BD Bioscience) for 30 min at 4°C for surface staining and analyzed by 201 

FACS canto II (Becton Dickinson, Franklin Lakes, NJ, USA).  202 

IL1R8 cell surface staining on human cells was performed with biotinylated goat anti-human 203 

IL1R8/SIGIRR (R&D Systems), followed by Alexa-647 conjugated streptavidin (Molecular Probes, 204 

Invitrogen), and analyzed with FACS Canto I flow cytometer (BD Bioscience). Results are reported 205 

as mean fluorescence intensity (MFI) normalized on fluorescence minus one. Diva software (BD 206 

Pharmingen) and Flow-jo (Tree Star) were used for data acquisition and analysis, respectively. 207 

Analysis of IL1R8 and IL37 expression in human DLBCL: Public gene expression data of 208 

DLBCL were retrieved from GEO. In the first study (GSE43677) samples of naïve B cells (n = 8), 209 

germinal center (GC) B cells (n = 13), post-GC B cells (n = 9), tonsils (n = 10), and DLBCL (n = 210 

12) were analyzed. In the second study (GSE32018) gene expression profiling was conducted in a 211 

series of B-cell non-Hodgkin lymphoma patients (17 CLL, 22 DLBCL, 23 Follicular Lymphoma 212 
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(FL), 24 Mantle Cell Lymphoma (MCL), 15 marginal zone lymphoma-MALT type (MALT), 13 213 

Nodal Marginal Zone Lymphoma (NMZL)), and 7 freshly frozen lymph nodes. Differential 214 

expression analysis was performed using limma (version 3.26.8) (35). For prognosis evaluation, 215 

expression and clinical data of 98 DLBCL cases selected from 220 lymphoma samples (GSE4475) 216 

were used. DLBCL patients treated with radiotherapy were excluded. 217 

The Gene Set Enrichment Analysis (GSEA) software was used to perform the over-representation 218 

analysis with gene sets coming from the Molecular Signature Database (36). The entire datamatrix 219 

containing normalized gene expression values (log-scale) was used, and the expression profile of 220 

IL1R8 gene was tested as continuous phenotype label. The analysis was performed choosing the 221 

Pearson correlation as the metric to investigate gene sets enriched by genes correlated with the 222 

expression profile of IL1R8. The Reactome database, belonging to the C2 collection 223 

(c2.cp.reactome.v6.1), was used. Resulting gene sets were considered significantly enriched 224 

according to the False Discovery Rate (FDR) threshold of 5%.  225 

Statistical analysis: Statistical differences in mouse mortality and lymphoma incidence rates were 226 

analyzed with Mantel-Cox test and Fisher test, respectively. Mann Whitney test or Student t test 227 

with Welch's correction were performed as specified. Survival analysis of human DLBCL was 228 

performed using Kaplan-Meier and Mantel-Cox tests. The median gene expression value was used 229 

to classify patients into IL1R8
low

 and IL1R8
high

 or IL37
low

 and IL37
high

 gene expression groups. A P 230 

value < 0.05 was considered statistically significant. Statistical analysis was performed using Graph 231 

Pad Prism software (Graph Pad Software, San Diego, CA). 232 

 233 

Results  234 

IL1R8-deficiency is associated with severe lymphadenopathy and lymphoma in lpr mice  235 

 We previously observed that 6-month-old Il1r8
-/-

/lpr mice were affected by enhanced 236 

lymphoproliferation and lymph follicle hyperplasia compared to Il1r8
+/+

/lpr mice (16). In order to 237 

address whether this benign lymphoproliferation eventually evolved to malignancy, we analyzed 238 
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survival and followed the evolution of lymphoid organs in older animals.  As shown by survival 239 

curves reported in Fig. 1A, Il1r8
-/-

/lpr mice reached the endpoints earlier than Il1r8
+/+

/lpr mice, and 240 

mortality was 100% (23/23) at 15 months of age in Il1r8
-/-

/lpr mice compared to 22% (6/27) in 241 

Il1r8
+/+

/lpr mice (P = 0.0001, Mantel-Cox test). Splenomegaly and lymphadenomegaly were more 242 

pronounced in 10-12-month-old Il1r8
-/-

/lpr mice compared to Il1r8
+/+

/lpr mice of the same age 243 

(Fig. 1B). The spleen weight was significantly increased in both groups compared to wild type or 244 

Il1r8
-/-

 mice, and in Il1r8
-/-

/lpr mice it was significantly greater (4-fold) than in Il1r8
+/+

/lpr mice 245 

(Fig. 1C).  246 

 Histopathological analysis of the spleens of 12-14-month-old Il1r8
-/-

/lpr mice showed an 247 

enlargement of the white pulp and a complete loss of the normal architecture of the organ in most 248 

animals (Fig. 2A). In the spleens of 12-14-month-old Il1r8
+/+

/lpr mice, we observed a moderate 249 

enlargement of the white pulp, but the architecture of the organ remained recognizable despite the 250 

presence of enlarged germinal centers (Fig. 2A). Similarly, most (62.5%; 20/32) lymph nodes from 251 

10-12-month-old Il1r8
-/-

/lpr mice presented abnormal histological architecture, without any evident 252 

follicle (Fig. 2B). In contrast, lymph nodes from 10-12-month-old Il1r8
+/+

/lpr mice were enlarged 253 

but generally retained a preserved normal morphology of the follicles (Fig. 2B). As shown in Fig. 254 

2C and 2D, the pathological score of lymphoid follicles (based on the presence of normal, reactive, 255 

atypical, or lymphomatous follicles) was significantly higher in 10-12-month-old Il1r8
-/-

/lpr mice 256 

compared to 12-14-month-old Il1r8
+/+

/lpr mice (p = 0.0001 in spleen and p = 0.0022 in lymph 257 

nodes), and the diagnosis of lymphoma was mostly limited to Il1r8
-/-

/lpr mice. Splenic and lymph 258 

nodal plasmacytosis occurred in spleen and lymph nodes of both Il1r8
+/+

/lpr and Il1r8
-/-

/lpr mice, in 259 

agreement with the role of TLR ligands and autoantigens in inducing cellular differentiation into 260 

mature plasma cells and plasma cell expansion (37,38). 261 

 262 

Development of Diffuse Large B Cell Lymphoma in Il1r8
-/-

/lpr mice 263 
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 Histopathological analysis showed that a diffuse organ replacement by large cells in spleen 264 

and lymph nodes consistent with a diagnosis of lymphoma occurred in 13/26 Il1r8
-/-

/lpr mice and 265 

3/23 Il1r8
+/+

/lpr mice (P = 0.0073, Fisher test) (Fig. 2E). In 8 out of 13 mice with lymphoma 266 

(61.5%), large cells were observed in liver, lung, kidney, and gut, indicating the development of 267 

Diffuse Large B Cell Lymphoma (DLBCL). Immunostaining for B220 highlighted a diffuse 268 

infiltration by large neoplastic B cells (Fig. 3A). CD3
+
 T cells appeared distributed throughout the 269 

tissue, rather than clustering within and around follicles of the splenic white pulp in lymphoma-270 

bearing Il1r8
-/-

/lpr mice (Fig. 3B). Neoplastic B lymphocytes were relatively monomorphic, with 271 

large nuclei and abundant cytoplasm; within this population, high mitotic rate as well as diffusely 272 

elevated Ki67 immunoreactivity confirmed the increased proliferation rate of these lymphomas 273 

(Fig. 3C). In addition, neoplastic B cells were immunoreactive for Bcl-2, suggesting an activation of 274 

an anti-apoptotic machinery, and negative for Bcl-6 and MUM1 (Fig. 3D, 3E, and 3F, respectively). 275 

In Il1r8
-/-

/lpr lymph nodes, we observed lesions with similar features and in a few cases (3/13, 276 

23%), bone marrow of Il1r8
-/-

/lpr mice showed small and focal areas of DLBCL.   277 

 DLBCL was rarely diagnosed in Il1r8
+/+

/lpr mice older than 12 months (3/23, 13 %) as 278 

well, . The vast majority of Il1r8
+/+

/lpr old mice actually showed an irregular enlargement of 279 

germinal centers with predominance of intermediate cells, without fulfilling the required criteria for 280 

follicular lymphoma. In addition, the presence of few, scattered large B220
+
 cells was consistent 281 

with atypical, lymphoproliferative, potentially pre-neoplastic disorder (Fig. 3A, 3B, and 3C).  282 

 283 

Il1r8
-/-

/lpr DLBCL are transplantable and oligoclonal 284 

 In order to further demonstrate the malignant capability of lesions developing in aged Il1r8
-/-

285 

/lpr and Il1r8
+/+

/lpr mice, splenocytes and lymph node cells collected from eight and seven donors, 286 

respectively, were injected through different routes in immunodeficient (nude and SCID) or 287 

immunocompetent mice (17 recipients of Il1r8
-/-

/lpr and 16 recipients of Il1r8
+/+

/lpr cells). 288 

Irrespective of the immunocompetence of the recipient mouse and route of injection, after 4-20 289 
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months of observation, cells from 4/ 8 Il1r8
-/-

/lpr mice generated histologically-confirmed parental 290 

DLBCL in recipient mice (Fig. 4A). In contrast, mice injected with cells collected from the seven 291 

Il1r8
+/+

/lpr donor mice did not develop lymphoma in recipient mice up to 20 months of 292 

observation. Genotyping for lpr and Il1r8 gene modifications was performed by PCR analysis on 293 

genomic DNA of several tissues of all recipient mice. Genotyping of the recipient’s organs affected 294 

by lymphoma (spleen, lymph nodes) and control tissues (skeletal muscle) confirmed that malignant 295 

cells originated from the Il1r8
-/-

/lpr donors (Fig. 4B).  296 

 Since lymphoma lesions infiltrated more than one lymphoid organ in Il1r8
-/-

/lpr mice, we 297 

next assessed whether these lesions originated from a common B cell clone. Southern blot analysis 298 

was performed to detect immunoglobulin (Ig) heavy chain gene (IgH) rearrangements in DLBCL 299 

developed in different organs of one recipient wild-type mouse transplanted with splenocytes and 300 

lymph node cells of one Il1r8
-/-

/lpr donor. The analysis revealed bands of IgH rearrangement of 301 

different size in the spleen, lymph nodes and other organs indicating that multiple B cell clones 302 

were transformed in the donor mouse (Fig. 4C-D).  303 

 These results indicate that lymphomas of Il1r8
-/-

/lpr mice can be transplanted in wild-type 304 

recipient mice giving rise to lymphoma.  305 

 306 

Constitutive activation of the NF-κB pathway in Il1r8
-/-

/lpr B cells 307 

 Hyper-activation of the NF-κB pathways and overexpression of NFKBIZ are hallmarks of a 308 

subtype of Diffuse Large B-cell lymphoma in humans (39-41). IL1R8 dampens NF-κB activation 309 

induced by TLR and IL1R family members (42), and Fas mutations impact B-cell activation (16). 310 

In addition, we previously showed that IL1R8-deficiency significantly increased B-cell proliferation 311 

upon exposure to RNA and DNA immune complexes and other TLR agonists (16). To further 312 

investigate the NF-κB pathway in B cells of Il1r8
-/-

/lpr old mice, we analyzed NF-κB activation and 313 

the expression of specific NF-κB regulated genes in CD19
+
 cells purified from the spleen of 12-314 

month-old Il1r8
+/+

,
 

Il1r8
-/-

, Il1r8
+/+

/lpr and Il1r8
-/-

/lpr mice, in resting conditions or after 315 
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stimulation with LPS. Noncanonical and canonical NF-κB activation can be monitored by the 316 

cleavage of p100 (Nfkb2) into p52 fragment, and phosphorylation of p65 (RelA), respectively. In 317 

contrast to wild type mice, we observed activation of noncanonical NF-κB pathway in both 318 

Il1r8
+/+

/lpr and Il1r8
-/-

/lpr mice, whereas the canonical pathway appeared mostly activated in the 319 

Il1r8
+/+

/lpr mice (Fig. 5A–C). We did not observe any significant difference in Il1r8
-/-

 mice at this 320 

time point compared to Il1r8
+/+

mice in the absence of ex vivo stimulation.  321 

 Next, we used real-time PCR array to analyze 84 genes known to be targets of the NF-κB 322 

signaling pathway (Supplementary Table S1). We compared the results obtained from non-323 

stimulated B cells collected from 4 wild type mice, 4 Il1r8
-/- 

mice, 5 Il1r8
+/+

/lpr mice, and 5 Il1r8
-/-

324 

/lpr mice (Fig. 5D and Supplementary Table S2). Of the 14 genes dysregulated in at least one 325 

group, 13 genes were upregulated, and only one was downregulated as compared to wild type 326 

animals, again suggesting constitutive hyperactivation of this pathway in Il1r8
+/+

/lpr and Il1r8
-/-

/lpr 327 

B cells from aged mice. Most of the NF-κB targets were upregulated in both Il1r8
+/+

/lpr and Il1r8
-/-

328 

/lpr mice, including proinflammatory genes (e.g. Il1b, Ifng, Csf1, Stat1, Il12b) and genes associated 329 

with proliferation or anti-apoptosis (e.g. Ccnd1) (Supplementary Table S2). The Bcl2a1a gene 330 

coding for an anti-apoptotic protein necessary for cell transformation and growth in anaplastic 331 

lymphoma (43) was downregulated in lpr mice (fold difference = 0.47 and p = 0.04 as shown in 332 

Supplementary Table S2), and although IL1R8 deficiency did not influence its expression (fold 333 

difference = 0.93; p = 0.8), expression was restored in Il1r8
-/-

/lpr mice (fold difference = 1.08 and p 334 

= 0.8 as shown in Supplementary Table S2).  335 

 We then analyzed a secondary response gene prototypically induced by TLRs and regulated 336 

by NF-κB, namely Nfkbiz. In basal conditions we observed low expression of Nfkbiz mRNA in B 337 

cells isolated from wild type mice; however, Nfkbiz was significantly induced in Il1r8
-/- 

mice, and 338 

this induction was sustained in Il1r8
-/-

/lpr mice (Fig. 5E), suggesting that a TLR-dependent NF-κB 339 

secondary response is constitutively activated in Il1r8
-/- 

and
 
Il1r8

-/-
/lpr mice. 340 
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 In agreement with dysregulated activation of the NF-κB pathway, flow cytometry analysis 341 

showed that overnight-cultured, spleen-purified Il1r8
-/-

/lpr B cells had increased expression of 342 

CD86, an activation marker downstream of TLR activation (44,45), compared to wild type, Il1r8
−/−

 343 

and Il1r8
+/+

/lpr B cells, both in basal conditions and after LPS stimulation (Fig. 5F).  344 

 Taken together, these results show that both Fas- and IL1R8-deficiency contribute to 345 

constitutive dysregulated NF-κB signaling and increased B cell activation with few differences 346 

associated with IL1R8 deficiency (e.g. induction of Nfkbiz)  . The double mutation rendered the 347 

cells highly responsive to TLR activation, as measured by CD86 expression.  348 

 349 

IL1R8 expression is downmodulated in human DLBCL cells and correlates with prognosis 350 

 To assess the relevance of these results to human disease, we first studied the expression of 351 

IL1R8 in human lymphoma cell lines compared with normal circulating mature B cells. As shown 352 

in Fig. 6A and B, all DLBCL cell lines analyzed expressed lower IL1R8 mRNA and protein, 353 

respectively, compared to peripheral blood B cells.  354 

 Next, we studied IL1R8 expression in public gene expression data of DLBCL retrieved from 355 

GEO, comparing different normal resting and activated B cell populations and lymphomas. In the 356 

first study analyzed (GSE43677), the expression of IL1R8 was significantly down-regulated in 357 

DLBCL samples vs naive B cells (logFC = -0.43, Adj. P-value = 1.08E-04), GC B cells (logFC = -358 

0.21, Adj. P-value = 1.70E-02), post-GC B cells (logFC = -0.9, Adj P-value = 1.12E-09), and 359 

tonsils (logFC = -0.62, Adj. P-value = 3.64E-08) (Fig. 6C). The second study (GSE32018) showed 360 

a significant down-regulation of IL1R8 expression in DLBCL vs lymph node control samples 361 

(logFC = -1.34, Adj. P-value = 1.65E-02), but also vs FL, an indolent form that may transform into 362 

DLBCL (logFC = -0.66, Adj. P-value = 3.45E-02) (Fig. 6D).  363 

In a third study (GSE4475), the expression of IL1R8 was analyzed together with clinical 364 

data to evaluate a correlation with prognosis. DLBCL patients were divided into IL1R8
low

 and 365 

IL1R8
high

 based on the median gene expression. The resulting Kaplan-Meier curve showed that 366 
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patients with IL1R8 expression above the median value had significantly prolonged overall survival 367 

(Hazard Ratio (HR) = 2.2 (95% C.I. 1.2-3.8); P-value = 0.006) (Fig. 6E), compared with patients 368 

below the median. In addition, the GSEA analysis retrieved a total of 60 pathways significantly 369 

enriched by genes positively correlated with IL1R8 gene expression profile (Supplementary Table 370 

S3). Among these, the apoptotic process and the DNA damage response were two of the most 371 

enriched pathways (NES = 2.02, FDR q-val = 0.005 for the apoptosis process; NES = 1.85, FDR q-372 

val = 0.01 for the P53-dependent G1 DNA damage response) with a total of 70 and 29 genes, 373 

respectively, belonging to the core enrichment (Supplementary Table S4 and Table S5).  These 374 

results show a positive coregulation of apoptotic process and DNA damage response genes with our 375 

gene of interest, suggesting a putative activation of the apoptotic process and DNA damage 376 

response in profiles with high IL1R8 expression compared to those with low expression.  377 

Since IL1R8 is required for the anti-inflammatory activity of IL37 in inflammatory 378 

conditions triggered by TLR ligands (18,46), we finally investigated whether IL1R8 and IL37 were 379 

coregulated in DLBCL. In the GSE43677 and GSE32018 studies, the expression of IL37 was 380 

significantly down-regulated in DLBCL samples compared to normal B cells (logFC = -0.18, Adj. 381 

P-value = 3.73E-02 for naïve B cells, logFC = -0.25, Adj. P-value = 1.65E-03 for GC B cells) or FL 382 

cells (logFC = -0.37, Adj. P-value = 4.30E-03), respectively, similarly to IL1R8. However, in 383 

contrast to what was observed for IL1R8, the overall survival was not affected by IL37 expression 384 

in the GSE4475 study (HR = 0.6 (95% C.I. 0.4-1.1); P-value = 0.1), indicating that the regulatory 385 

role of IL1R8 impacts additional pathways. 386 

 These results indicate that IL1R8 is poorly expressed in DLBCL compared to healthy GC B 387 

cells and other B cell lymphomas, and that lower IL1R8 expression is associated with shorter 388 

overall survival. 389 

  390 

Discussion 391 
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 IL1R8 is known to act as a negative regulator of NF-κB and JNK activation following 392 

stimulation of IL1R family members or TLRs. We herein showed that the increased susceptibility to 393 

lymphoproliferation observed in lpr mice deficient of IL1R8 is also associated with frequent 394 

development of DLBCL. The aggressive lymphomas that developed in Il1r8
-/-

/lpr mice were 395 

transplantable and oligoclonal, possibly originating from multiple B cell clones. In addition, we 396 

showed that IL1R8 expression is down-regulated in human DLBCL cells in comparison with 397 

peripheral blood, GC B cells, and other lymphomas. Expression also correlated with overall 398 

survival, suggesting that IL1R8 silencing in DLBCL might contribute to dysregulated NF-κB 399 

activation, a frequent occurrence observed in DLBCL, lymphoproliferation, and transformation.  400 

 FAS-deficient lpr mice are a model of ALPS and SLE. FAS is a pro-apoptotic TNF receptor 401 

superfamily member, highly expressed on GC B cells. Mutations in the genes encoding FAS or its 402 

ligand (FASL) cause massive accumulation of autoreactive B and T cells, resulting in ALPS in 403 

humans (12). In addition, FAS mutation has been found associated with perforin deficiency in one 404 

case of ALPS and lymphoma (47), whereas in mice, increased lymphoma development was 405 

observed in lpr mice deficient of SPARC, the gene coding for osteonectin (48). In a previous study, 406 

we demonstrated that IL1R8-deficiency was associated with a more severe lymphadenopathy at 6 407 

months of age in FAS-deficient lpr mice (16). This phenotype was mainly due to overactivation of 408 

DCs, B cells, and CD4
+
 T cells upon stimulation with lupus autoantigens, possibly through TLR7 409 

engagement (16). Indeed, chromatin antigens in immune complexes can potently engage both the 410 

BCR and TLRs in B cells, leading to overstimulation and defective apoptosis of B cells, as well as 411 

to secondary inflammation (5). FAS mutations have also been observed in human lymphomas, 412 

indicating that longer lymphocyte survival may allow accumulation of additional oncogenic events 413 

(4).  414 

 In addition to these autoimmunity-dependent mechanisms, genetic alterations affecting 415 

components of the NF-κB signaling pathways have been shown to occur frequently in DLBCL. 416 

Constitutive NF-κB pathway activity is observed in almost all activated B cell–like (ABC) types of 417 
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DLBCL and in a large fraction of germinal center B cell (GCB)–DLBCLs, and is associated with 418 

proliferation, differentiation, and survival of malignant lymphoid cells (49,50). Among mutations of 419 

the NF-κB signaling pathway in B cell lymphomas, MYD88 mutations have emerged as one of the 420 

most frequently recurring (40). MyD88 is an adaptor protein that mediates TLR and IL1R signaling. 421 

Gain of function mutations of MYD88 confer a cell survival advantage during evolution of DLBCL 422 

by promoting NF-κB and JAK/STAT3 signaling (40). IL1R8 tunes TLR and IL1R-dependent 423 

signaling by interfering with the recruitment of TIR-containing adaptor molecules (51) and IL1R8-424 

deficiency in mice is associated with uncontrolled inflammatory responses both in infectious and 425 

sterile conditions (42). Furthermore, genetic inactivation of IL1R8 was observed to cause earlier, 426 

more disseminated, and aggressive leukemia in the Eμ-TCL1 mouse model of CLL (26). In this 427 

model, the neoplastic transformation of B cells has an incidence of 100% and is mediated by the 428 

overexpression of the TCL1 oncogene; the absence of IL1R8 exacerbates CLL progression, but its 429 

impact on the B cell transformation has not been investigated (26). Finally, IL1R8 in association 430 

with IL18Rα serves a receptor chain for IL37, a cytokine which provides an anti-inflammatory 431 

environment in the aging bone marrow, preventing oncogenic transformation of B cell progenitors 432 

(52). Our results show that Il1r8
+/+

/lpr mice spontaneously developed DLBCL at a very low 433 

frequency and at late age (12–18 months). IL1R8-deficiency increased the frequency and the 434 

severity of the disease, as well as accelerated the onset of disease to 8-12 months of age, indicating 435 

that IL1R8 has also a role in neoplastic transformation of B cells, and not only in the progression of 436 

established B-cell leukemia or lymphoma.  437 

 The pathogenesis of lymphoma seen in patients with autoimmune diseases is complex and 438 

involves different factors contributing to lymphomagenesis, including both disease activity and 439 

immunosuppression, as well as disease-specific mechanisms and mechanisms unique to lymphoma 440 

subtype (8). In the current study, we show that the Il1r8
-/-

/lpr mouse model recapitulated 441 

autoimmunity-associated lymphomagenesis, suggesting that the absence of a negative regulator of 442 

the ILR- or TLR-MyD88 axis in an autoimmune-prone background is sufficient for the neoplastic 443 
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transformation of B cells. These results are in line with data in humans, showing that aggressive 444 

B-cell lymphomas (particularly DLBCL) are more frequently associated with autoimmune 445 

conditions than more indolent lymphomas (particularly FL) (4). It should be noted that IL1R8-446 

deficiency in this model was not restricted to B cells and might also impact on antitumor immunity, 447 

as shown in other models (27,28). Therefore, our results may underestimate the effect of selective 448 

IL1R8-deficiency in tumor B cells.    449 

 Western blot analysis of p52 and phospho-p65 demonstrated that both canonical and non-450 

canonical NF-κB pathways are constitutively activated in Il1r8
+/+

/lpr mice. Moreover, the TLR-451 

induced NF-κB-regulated Nfkbiz gene was constitutively activated in Il1r8
-/-

 mice. A combination 452 

of these pathways may contribute to the activation of distinct NF-κB target genes and B-cell 453 

activation observed in lymphoma prone Il1r8
-/-

/lpr mice. We previously observed that Il1r8
-/-

/lpr B 454 

cells had increased proliferation rate after stimulations with autoantigens acting through TLR7, 455 

TLR9, and other TLR ligands, compared to lpr B cells (16). In the present manuscript, we described 456 

a high mitotic rate and diffusely elevated Ki67 immunoreactivity in Il1r8
-/-

/lpr spleen, indicating 457 

increased proliferation rate, associated with immunoreactivity for Bcl-2, suggesting activation of 458 

antiapoptotic machinery.  Thus, the results presented here are in line with the view that the lack of a 459 

tuner of TLR and IL1R signaling–dependent NF-κB activation could impinge upon B cell 460 

transformation in the context of lymphoproliferative syndrome. Indeed, other oncogenic events 461 

circumventing negative feedback mechanisms that attenuate NF-κB signaling, such as inactivation 462 

of the deubiquitinase A20, are associated with autoimmunity and lymphoma development (40,53).  463 

 DLBCLs developed in Il1r8
-/-

/lpr mice were characterized by the presence of a 464 

monomorphic population of large B cells in lymphoid tissues. Neoplastic B cells displayed high 465 

proliferation rates and showed widespread involvement of distant organs including gut, liver, lung, 466 

and kidney. Histopathologic analysis and immunostaining for CD3, B220, Bcl-2, and Ki67 of 467 

spleen and lymph node specimens of Il1r8
-/-

/lpr mice documented sharply separated masses 468 

constituted by DLBCL arising within a background characterized by atypical lymphoproliferative 469 
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disorder. Excessive lymphoproliferation associated with activation of anti-apoptotic mechanisms 470 

were potentially responsible for multiple independent transformation events resulting in polyclonal 471 

(or oligoclonal) development of different primary foci of DLBCL, as suggested by the detection of 472 

different bands of IgH rearrangement in the same mouse or in the same organ. Our results suggest 473 

that FAS-deficiency was responsible for polyclonal B-cell expansion and very rarely lymphoma 474 

transformation, and the addition of the deficiency of IL1R8 causing hyperactivation of the MyD88-475 

NF-κB axis, in response to autoantigens, resulted in tumors that resemble human ABC-DLBCL. In 476 

Il1r8
-/-

/lpr mice, these tumors emerged sporadically and thus were likely to have acquired the 477 

additional oncogenic hits necessary to give rise to DLBCL. 478 

 In the present study, we show that the expression of IL1R8 in human DLBCL was 479 

downmodulated compared to peripheral blood or GC B cells from healthy donors and correlated 480 

with overall survival. The molecular mechanisms underlying IL1R8 downmodulation in human 481 

DLBCL are still undefined, and could include promoter methylation, as observed in human gastric 482 

carcinomas (54), alternative splicing leading to aberrant protein expression, as described in 483 

colorectal cancer (55), or promoter hypo-acetylation as suggested by the analysis of hematological 484 

cancer cell lines from public available datasets (Ensembl, UCSC Genome Browser). In addition, it 485 

was reported that genomic methylation affects IL1R8 expression, as Azacytidine treatment of CLL 486 

cell lines restored IL1R8 mRNA expression (56). Very rarely, nonsense and somatic non-487 

synonymous mutations have been observed in IL1R8 coding sequence as shown by Whole Exome 488 

Sequencing data from The Cancer Genome Atlas (TCGA) and in sequenced samples within 489 

DLBCL patients (Dalla-Favera R., personal communication), but the functional consequences of 490 

these mutations or polymorphisms need to be investigated. The apoptotic process and DNA damage 491 

response were among the pathways significantly enriched by genes positively correlated with 492 

IL1R8 gene expression. This suggests that higher IL1R8 expression might be associated with 493 

increased apoptotic activity and better control of DNA damage, and as a consequence, with a less 494 

aggressive phenotype of lymphoma cells, thus leading to better prognosis. 495 
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 Patients affected by DLBCL show different clinical courses, making prediction of prognosis 496 

and successful therapy difficult, leading to only 50% of patients being effectively treated (57). Our 497 

results demonstrate that IL1R8 activity limits B-cell activation and malignant transformation 498 

induced by autoimmune stimulation and contribute to the identification of genes and molecular 499 

pathways that could represent targets for novel therapeutic approaches in DLBCL treatment. 500 

 501 

 502 
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 675 

Figure legends: 676 

Figure 1. IL1R8 deficiency increases the severity of the lymphoproliferative disorder of lpr 677 

mice. 678 

A) Mortality rate at 15 months of age in Il1r8
−/−

/lpr mice (100%; n = 23) and in Il1r8
+/+

/lpr mice 679 

(22%; n = 27) (Mantel-Cox test P<0.0001).  B) Spleen (lower panel) and mandibular lymph nodes 680 

(upper panel) from 10-12-month-old Il1r8
+/+

, Il1r8
−/−

, Il1r8
+/+

/lpr, Il1r8
−/−

/lpr mice. C) Spleen 681 

weights of 10-12-month-old Il1r8
+/+

 (n=6), Il1r8
−/−

 (n=6), Il1r8
+/+

/lpr (n=30), and Il1r8
−/−

/lpr 682 

(n=33) mice (unpaired Student t test with Welch’s correction; mean and SD are indicated).  683 

 684 

Figure 2. IL1R8 deficiency is associated with increased susceptibility to lymphoma 685 

development in lpr mice. 686 

A, B) Histopathological analysis of the spleen (A) and lymph nodes (B) of 10-12-month-old 687 

Il1r8
+/+

, Il1r8
−/−

, Il1r8
+/+

/lpr, and Il1r8
−/−

/lpr mice stained with H&E (400x; Axioskop 40 688 

microscope equipped with AxioCam MRc camera and AxioVision Rel. 4.8 acquisition software; 689 

Zeiss). C, D) Pathological score of the spleen (C) and lymph nodes (D) of 10-12-month-old Il1r8
+/+

 690 

(n = 2), Il1r8
−/−

 (n = 2), Il1r8
+/+

/lpr (n = 20), Il1r8
−/−

/lpr (n = 26) mice (unpaired Student t test; 691 

mean and SD are indicated). E) Incidence of DLBCL in Il1r8
+/+

/lpr (3/23) and Il1r8
−/−

/lpr (13/26) 692 

mice (Fisher test). 693 

 694 

Figure 3.  Il1r8
−/−

/lpr mice develop DLBCL lesions. 695 
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Immunohistochemical analysis of: B220 (A), CD3 (B) and Ki67 (C) in the spleen of 10-12-month-696 

old Il1r8
+/+

, Il1r8
−/−

, Il1r8
+/+

/lpr, and Il1r8
−/−

/lpr mice (40x). Immunohistochemical analysis of: 697 

bcl-2 (D), bcl-6 (E) and MUM-1 (F) in the spleen of 10-12-month-old Il1r8
−/−

/lpr mice 698 

(Representative images from 5 mice analyzed; 400x; Axioskop 40 microscope equipped with 699 

AxioCam MRc camera and AxioVision Rel. 4.8 acquisition software; Zeiss). 700 

 701 

Figure 4.  DLBCL lesions are transplantable and oligoclonal. 702 

A) Histopathological analysis of the spleen of a 12-month-old Il1r8
−/−

/lpr donor mice compared to 703 

the spleen of Il1r8
+/+

 recipient mice stained with H&E(Axioskop 40, Zeiss, 200 and 400x for left 704 

and right panels). B) Genomic analysis by PCR of lpr and Il1r8 targeted genes in organs of one 705 

recipient mouse 6.5 months after transplantation with Il1r8
−/−

/lpr spleen and lymph node cells. A, 706 

B: Representative images of 1/8 Il1r8
−/−

/lpr donors and 1/8 recipients in which the transplanted 707 

cells generated a lymphoma. C, D) Southern blot analysis of Ig genes shows rearrangement and 708 

oligoclonal expansion of B cells in one recipient mouse of Il1r8
−/−

/lpr spleen and lymph node cells. 709 

Genomic DNA from different organs and tissues of the recipient animal was digested with EcoRI 710 

(C) or StuI (D). Yellow arrows indicate clonal bands.  711 

  712 

Figure 5.  Dysregulated NF-κB activation in Il1r8
+/+

/lpr and Il1r8
−/−

/lpr mice. 713 

A) Western blot of spleen B cells with the indicated antibodies. β-actin expression was analyzed as 714 

internal control. B, C) Densitometric signal ratios of p52/p100 and phospho-p65/p65 shown in 715 

panel A (Mann Whitney test; * = P value < 0.05). n = 4 Il1r8
+/+

, n = 5 Il1r8
-/-

, n = 4 Il1r8
+/+

/lpr, n = 716 

6 Il1r8
−/−

/lpr mice. D) Real-time PCR array of NF-κB signaling target genes. Expression data are 717 

shown only for the genes for which a Fold Difference (FD) > 2 was observed in at least one 718 

comparison between two groups of mice (see supplementary Table S2 for individual data). In the 719 

graph, a two-color scale formatting scheme was used to format cells: red is the maximum 720 

expression; blue, minimum. Each column represents one sample (from one mouse). E) Nfkbiz 721 
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mRNA expression in purified B cells (unpaired Student t test with Welch’s correction). A-E: One 722 

experiment performed. F) FACS analysis of CD86 expression in overnight cultured purified B cells 723 

in basal condition and after LPS stimulation. Upper panels: Representative histograms. Lower 724 

panels: Results are reported as MFI normalized on fluorescence minus one. One representative 725 

experiment with B cells collected from 3-6 mice (one or 2 replicates per mouse) out of 2 performed 726 

is shown (unpaired Student t test with Welch’s correction).   B, C, E, F: mean and SD are shown.    727 

 728 

Figure 6.  IL1R8 is downmodulated in human lymphoma cell lines. 729 

A) Real-time PCR analysis of IL1R8 mRNA expression (unpaired Student t test of each line vs 730 

normal B cells with Welch’s correction; mean and SD are indicated; the highest P value is reported) 731 

and B) Flow cytometric analysis of IL1R8 protein expression (upper panel: representative 732 

histograms; lower panel: MFI quantification) in human lymphoma cell lines compared to circulating 733 

B (CD19
+
) cells from 3-4 healthy donors (unpaired Student t test of each line vs normal B cells; 734 

mean and SD are indicated; the highest P value is reported); 3-4 experiments were performed with 735 

each cell line. Results are expressed as Arbitrary Units (A) and as MFI normalized on fluorescence 736 

minus one  (B, lower panel). 737 

C) Normalized log intensity of IL1R8 probe (218921_at; GSE43677) in DLBCL versus normal B 738 

cells (naive B cells, germinal center (GC) B cells, post GC B cells, and tonsil samples). D) 739 

Normalized log intensity of IL1R8 probe (A_23_P84344; GSE32018) in DLBCL vs FL, MCL, 740 

MALT, NMZL, CLL and lymph node samples. E) Kaplan-Meier survival curve of DLBCL patients 741 

(n = 98) with low and high IL1R8 gene expression (218921_at probe) within DLBCL specimens 742 

(HR = 2.2; 95% C.I. 1.2-3.8; P = 0.006). 743 
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