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Abstract: In tumour cells of more than 20 different cancer types, the CXCR4-CXCL12-axis is 26 
involved in multiple key processes including proliferation, survival, migration, invasion, and 27 
metastasis. Since data on this axis in diffuse large B cell lymphoma (DLBCL) are inconsistent and 28 
limited, we comprehensively studied the CXCR4-CXCL12-axis in our DLBCL cohort as well as the 29 
effects of CXCR4 antagonists on lymphoma cell lines in vitro. In DLBCL, we observed a 140-fold 30 
higher CXCR4 expression compared to non-neoplastic controls. Interestingly, high expression of 31 
CXCR4 was associated with poor clinical outcome. Furthermore, in corresponding bone marrow 32 
biopsies, we observed a correlation of CXCL12 expression and lymphoma infiltration rate as well 33 
as a reduction of CXCR4 expression in remission of bone marrow involvement after treatment. 34 
Furthermore, the niacin derivate of the CXCR4 antagonist AMD070, which was synthesized by us, 35 
demonstrated stronger pro-apoptotic effects than AMD070 in vitro and induced expression of 36 
certain pro-apoptotic genes in CXCR4 positive lymphoma cell lines. Finally, WK1 treatment 37 
resulted in reduced expression of JNK-, ERK1/2- and NFκB/BCR-target genes. These data indicate 38 
that the CXCR4-CXCL12-axis impacts the pathogenesis of DLBCL and represents a potential 39 
therapeutic target in aggressive lymphomas. 40 
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1. Introduction 44 

Diffuse large B cell lymphoma is an aggressive lymphoid malignancy and represents the most 45 
common subtype of non-Hodgkin lymphoma (NHL) in adults [1]. It arises de novo or by 46 
transformation of indolent lymphomas such as follicular lymphomas (FL) [2]. Although DLBCL is in 47 
many instances a curable disease, around 40% of patients are refractory or relapse. Based on gene 48 
expression profiling, DLBCL can be divided into three different subtypes [3,4]: i) germinal centre B 49 
cell-like (GCB-DLBCL), ii) activated B cell-like (ABC-DLBCL), or in case of usage of an 50 
immunohistochemical algorithm non-germinal centre B cell-like (NGCB-DLBCL) [5], and iii) 51 
primary mediastinal B cell lymphoma (PMBL). These subtypes are associated with distinctly 52 
different overall survival (OS) rates. While GCB-DLBCL patients show favourable overall survival, 53 
patients with the NGCB-DLBCL have a worse prognosis [3,4].  54 

The chemokine receptor CXCR4 and its ligand CXCL12 are implicated in the retention of B cell 55 
precursors and B cell homing to lymph nodes and therefore, they play an important role in B cell 56 
development [6]. In solid cancer, abnormalities in the CXCR4-CXCL12-axis have been linked to 57 
many processes, including proliferation, survival, migration, invasion, and metastasis in solid cancer 58 
[7–9], thereby providing evidence for the importance of this chemokine signalling pathway in these 59 
malignancies. So far, we and other groups performed studies investigating the role of CXCR4 in 60 
DLBCL, whereby results mainly point towards a prominent role of CXCR4 in lymphoma 61 
dissemination [10–16]. However, data from these studies are to some extent inconsistent and limited. 62 
Especially, combined analyses on CXCR4, CXCL12, and CXCR7, also which is known to bind 63 
CXCL12 [17], are scarce. 64 

Therefore, we aimed to comprehensively study CXCR4, CXCL12 and CXCR7 expression in DLBCLs 65 
samples and corresponding non-neoplastic bone marrow (BM) samples as well as to determine the 66 
in vitro effect of two commercially available CXCR4 antagonists – namely AMD3100 and AMD070 67 
[18] and a niacin derivate of AMD070 called WK1, which was generated by us. Hence, we showed 68 
that CXCR4 was higher expressed in DLBCL and that a high CXCR4 expression was associated with 69 
reduced survival. We also demonstrated that CXCL12 expression correlated to the BM infiltration 70 
rate and that CXCR4 was lower expressed in BM samples from patients exhibiting a remission of 71 
lymphoma infiltration after therapy. Both, WK1 and AMD070, showed pro-apoptotic effects, which 72 
were especially more pronounced in CXCR4+ lymphoma cell lines treated with WK1. Collectively, 73 
our results indicate an impact of the CXCR4-CXCL12-axis on lymphomagenesis and its potential role 74 
as a therapeutic target. 75 

2. Results 76 

2.1 High expression of CXCR4 is associated with poor clinical outcome in DLBCL 77 

We determined the expression levels of CXCR4, CXCR7 and their ligand CXCL12 [19] in NGCB- and 78 
GCB-DLCBLs consisting of primary and transformed follicular lymphomas (n=77 in total) and 79 
germinal centre B cells (GC-B, n=5) serving as non-neoplastic controls by using RQ-PCR. We 80 
observed an average of 140-fold higher CXCR4 expression in DLBCL and all investigated DLBCL 81 
subgroups in comparison to GC-Bs (Figure 1a, p<0.001), whereas no differential expression was 82 
found for CXCR7 and CXCL12 (Figure 1a and Figure S1a). Furthermore, we observed a 4.7-fold 83 
higher CXCR4 expression in lymphomas with an advanced stage (stage 2-4) compared to DLBCL 84 
patients with clinical stage 1 (Figure 1b, p=0.028). BM infiltrating DLBCL displayed a 3.1-fold higher 85 
CXCR4 expression (Figure 1b, p=0.023). Additionally, a positive correlation of CXCR4 expression 86 
and BM infiltration was observed (Spearman rho=0.550 and p<0.001, Figure 1b). In contrast, no 87 
association was found for CXCL12 and CXCR7 (Figure 1b and Figure S1b). 88 
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By dividing the patients into two groups using the third quartile of CXCR4 mRNA expression, a 89 
tendency for an association between high CXCR4 expression and a poor 5-year-survival rate was 90 
observed in our cohort (p=0.066, log-rank test, Figure 1c). This tendency could be confirmed in a 91 
public microarray DLBCL dataset [20] (p= 0.00018, log-rank test, Figure 1c). For CXCR7 and CXCL12 92 
mRNA expression, no association was observed.   93 

To determine whether high CXCR4 and CXCL12 mRNA expression translate into high protein 94 
levels, immunohistochemical analysis for CXCR4 and CXCL12 was performed on selected DLBCL 95 
samples (Figure 1d, n=40). CXCR7 was excluded from further analysis based on its expression 96 
profile. For CXCR4 and CXCL12, a significant positive correlation was detected (Spearman 97 
rho=0.714 for CXCR4 and Spearman rho=0.694 for CXCL12, p<0.01). Additionally, we observed that 98 
CXCR4 was exclusively expressed on lymphoma cells (on average 64.5% of lymphoma cells), 99 
whereas CXCL12 (on average 30.3% of lymphoma cells) was mainly expressed by lymphoma cells 100 
but was also present in the microenvironment (reactive immune cells and endothelial cells). 101 
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Figure 1: CXCR4 and CXCL12 expression in DLBCL. (a) Expression analysis of CXCR4 and CXCL12 in 104 
non-neoplastic control germinal centre B cells (GC-B) and diffuse large B cell lymphoma cells (DLBCL) 105 
by RQ-PCR. (b) Expression analysis of CXCR4 and CXCL12 in DLBCL samples with early (stage 1) and 106 
advanced stage (stage 2-4) (left graphs) and DLBCL samples with and without bone marrow infiltration 107 
(right graphs) by RQ-PCR. (c) Probability of cancer-specific survival in DLBCL patients (our cohort left 108 
panel and the cohort of Lenz et al. right [20]) stratified by the third quartile of CXCR4 expression, 109 
respectively. (d) Representative immunohistochemical stains of CXCR4 (I-III) and CXCL12 (IV-VI) on 110 
DLBCL samples (magnification x 20). mRNA expression levels were calculated as relative expression in 111 
comparison to GC-B cells. Each bar represents the mean values of expression levels ± standard error of 112 
the mean (SEM). The comparison of the expression levels was performed by using the Mann-Whitney 113 
U-test or Student's t-test in an explorative manner. All images were captured by using an Olympus BX51 114 
microscope and an Olympus E-330 camera. 115 

2.2 CXCR4 is somatically unmutated in DLCBL  116 

To further investigate whether mutations in the CXCR4 coding sequence occur, and potentially 117 
influence its expression levels, direct sequence analysis was performed on lymphoma samples 118 
exhibiting the highest CXCR4 expression levels (n=25) and in lymphoma cells lines (n=6). We could 119 
detect a single-nucleotide polymorphism (rs2228014), which had previously been described and 120 
derived from publicly available databases (http://www.ncbi.nlm.nih.gov/snp). rs2228014, located in 121 
exon 2, was found in three of the 25 investigated DLBCL samples and in one of six investigated cell 122 
lines (U2932). Apart from rs2228014, no other alterations were detected (Table 1). 123 

124 
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Table 1: Single nucleotide polymorphism occurring in the CDS of 125 
CXCR4 in our DLBCL cohort 126 

ID Type   

CXCR4 

Exon1  

CXCR4 

Exon2 

Al1 ngcb   WT WT 

Al2 gcb transformed WT WT 

Al3 gcb transformed WT rs2228014 

Al4 gcb transformed WT WT 

Al5 ngcb   WT WT 

Al6 gcb   WT WT 

Al8 gcb transformed WT WT 

Al9 gcb   WT WT 

Al10 ngcb   WT WT 

Al11 ngcb   WT rs2228014 

Al12 ngcb   WT WT 

Al13 ngcb   WT WT 

Al14 gcb transformed WT WT 

Al16 gcb transformed WT WT 

Al17 gcb transformed WT WT 

Al18 gcb   WT WT 

Al19 gcb transformed WT WT 

Al20 gcb transformed WT WT 

Al21 ngcb   WT WT 

Al22 gcb   WT rs2228014 

Al26 gcb transformed WT WT 

Al28 gcb transformed WT WT 

Al33 ngcb   WT WT 

Al34 gcb transformed WT WT 

Al71 ngcb   WT WT 

BL2 cell line Burkitt like WT WT 

Raji cell line Burkitt like WT WT 

SuDHl4 cell line GCB like WT WT 

RI1 cell line NGCB like WT WT 

U2932 cell line NGCB like WT rs2228014 

WT denotes unmutated 127 

2.3 CXCR4-CXCL12-axis is associated with bone marrow infiltration in DLBCL 128 

To further investigate the role of the CXCR4-CXCL12-axis in BM infiltration by aggressive 129 
lymphomas, we performed RQ-PCR analysis on the corresponding BM biopsies in our lymphoma 130 
cohort. In total, 63 BM specimens were used: 52 bone marrow samples were taken at time of 131 
diagnosis including 12 patients with BM infiltration at time of diagnosis. From 11 patients repeated 132 
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biopsies were taken during their course of disease. Of those, seven patients went into remission 133 
while four patients relapsed. 134 

Comparison of CXCR4 and CXCL12 mRNA expression levels in BM specimens with and without 135 
lymphoma infiltration at time of diagnosis, showed a 1.6-fold higher CXCR4 expression in BM 136 
specimens exhibiting lymphoma infiltration (Figure 2a, p=0.008). In contrast, no statistically 137 
significant difference was detected for CXCL12 (Figure 2a, p=0.663). However, we observed a strong 138 
positive correlation between CXCL12 expression and percentage of infiltration rate in investigated 139 
BM biopsies (Spearman rho=0.764, p=0.001).  140 

Furthermore, we analysed the CXCR4 and CXCL12 mRNA expression in 7 paired BM samples 141 
previously infiltrated BMs losing infiltration following chemotherapy (BM under remission). Loss of 142 
BM infiltration led to a 3.2-fold reduction of CXCR4 expression (Figure 2b, p=0.032), whereas no 143 
significant difference was detected for CXCL12 (Figure 2b, p=0.382).  144 

Immunohistochemical analysis of CXCR4 and CXCL12 on selected BM specimens (n=19) 145 
additionally confirmed the mRNA data. We observed a moderate positive correlation between BM 146 
infiltration and protein abundance for both markers (Figure 2c, Spearman rho=0.595, p=0.031 for 147 
CXCR4 and Spearman rho=0.775, p=0.005 for CXCL12). Interestingly, we detected that in the 148 
infiltrated BM samples an average of 80% of lymphoma cells expressed CXCR4 and an average of 149 
35% of them expressed CXCL12, whereas in the surrounding tissue (stroma) as well as in BM 150 
samples without involvement less than 30% of the stroma cells expressed CXCR4 and CXCL12 151 
(Figure 2c I-IV). 152 

 153 

Figure 2: CXCR4 and CXCL12 expression and BM infiltration. (a) Expression analysis of CXCR4 and 154 
CXCL12 in uninfiltrated and infiltrated bone marrow specimens at the time of diagnosis by RQ-PCR. (b) 155 
Expression analysis of CXCR4 and CXCL12 in infiltrated bone marrow biopsies and the respective paired 156 
sample in patients under remission by RQ-PCR. (c) Representative immunohistochemical stains of CXCR4 157 
(I-II) and CXCL12 (III-IV) on selected bone marrow specimens of DLBCL patients (magnification 20x). (I) 158 
and (III) represents CXCR4 and CXCL12 staining of uninfiltrated bone marrow specimens, (II) and (IV) 159 
those of infiltrated bone marrow specimens. mRNA expression levels were calculated as relative 160 
expression in comparison to unfiltrated bone marrow specimens. Each bar represents the mean values of 161 
expression levels ± standard error of the mean (SEM). The comparison of the expression levels was 162 
performed by using the Mann-Whitney U-test or student’s t-test. All images were captured by using an 163 
Olympus BX51 microscope and an Olympus E-330 camera. 164 

165 
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2.4 Treatment of lymphoma cell lines with CXCR4 antagonists induced apoptosis 166 

To investigate the effects of CXCR4-antagonists in vitro, we used the following cell lines: SuDHL4 (as 167 
a GCB-DLBCL model), RI-1 and U2932 (as a NGCB-DLBCL model) and BL2 and Raji (as a Burkitt 168 
model).  169 

First, we characterized the surface expression of CXCR4 in all five investigated cell lines by flow 170 
cytometry followed by CXCL12AF647 binding assay combined with blocking antibodies for CXCR4 171 
and CXCR7. CXCR4 expression was found for BL2, Raji, RI-1, SuDHL4 and U2932 cell lines, 172 
respectively (Figure S2a). In addition, we observed that CXCL12AF647 was bound just via CXCR4 in 173 
BL2, SuDHL4, and U2932 cells, whereas it was additionally bound via CXCR7 in Raji and RI-1 cells, 174 
indicating that these two cell lines also express CXCR7 on their surface (Figure S2b).  175 

Next, the in vitro effect of the three CXCR4 antagonists (Figure 3a) – AMD3100 (FDA approved), 176 
AMD070 and the niacin derivate of AMD070 (termed WK1, synthesized by us) - were investigated. 177 
All three antagonists were able to inhibit CXCL12AF647 binding in a concentration-dependent manner 178 
as demonstrated by the binding assay on BL2 cells (Figure S3). Furthermore, AMD070 inhibited the 179 
Transwell migration of BL2 and U2932 cells, while WK1 showed an inhibitory effect only on U2932 180 
cells (Figure S4). Generally, the effects of WK1 were considerably reduced compared to the other two 181 
inhibitors in both above-described assays (Figure S3 and S4). Interestingly, we observed reduced 182 
growth for AMD070 and WK1 in BL2 and SuDHL4 cells, respectively, whereas the growth rates of 183 
all other investigated cell lines were not affected (Figure 3b). Importantly, AMD3100 and niacin 184 
alone did not show any effects (Figure 3b). The IC50 values of WK1 were lower compared to those of 185 
AMD070 (IC50=15.4µM in BL2 and 26.76µM in SuDHL4 cells for WK1 vs. IC50=31.18µM in BL2 and 186 
26.76µM SuDHL4 cells, Figure 3b). To validate these findings, we treated all five lymphoma cell 187 
lines with the three CXCR4 antagonists at concentrations of 1µM, 5µM, 10µM, 20µM, and 40µM. We 188 
observed that the percentage of Annexin V+ cells in BL2 and SuDHL4 was significantly increased 189 
after 48h treatment with AMD070 and WK1 at 40µM compared to AMD3100 and DMSO (Figure 3c, 190 
p<0.005), indicating the pro-apoptotic effects of both CXCR4 antagonists. Besides, the percentage of 191 
viable lymphoma cells – Annexin V-/ 7AAD- - was reduced in BL2 and SuDHL4 when treated with 192 
WK1 with concentrations of 10µM, 20µM and 40µM compared to DMSO and AMD3100 (Figure S5, 193 
p<0.01). All other investigated cell lines were unaffected by the three different CXCR4 antagonists.  194 

Finally, we determined the percentage of cells exhibiting cleaved caspase 3 upon DMSO, AMD070 or 195 
WK1 treatment of BL2 and SuDHL4 to confirm the pro-apoptotic effects of both antagonists. In both 196 
cell lines, 24h treatment with AMD070 und WK1 resulted in a significantly higher percentage of 197 
lymphoma cells staining positive for cleaved caspase 3 (Figure 3d, p<0.01). Remarkably, the 198 
percentage of cleaved caspase 3 was significantly higher upon WK1 treatment even at lower 199 
concentrations compared to AMD070 (Figure 3d, p<0.005). Taken all together, this suggests that the 200 
novel CXCR4–WK1 antagonism leads to strong pro-apoptotic effects on certain lymphoma cell lines. 201 
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Figure 3: Growth inhibition and apoptosis of B cell lymphoma cell lines upon treatment with CXCR4 204 
antagonists. (a) Structure of CXCR4 antagonists AMD3100, AMD070 and WK1. (b) Cell growth of 205 
SuDHL4 (as GCB-DLBCL model), RI-1 and U2932 (as NGCB-DLBCL model) and BL2 and Raji (as Burkitt 206 
model) cell lines in the presence of increasing concentrations (range: 1-90µM) of the CXCR4 antagonists 207 
AMD3100, AMD070, its niacin derivate WK1 and niacin, respectively, as determined by EZ4U 208 
proliferation assay and expressed by percentage of normal absorption. (c) Annexin V positivity of BL2 (as 209 
Burkitt model) and SuDHL4 (as GCB-DLBCL model) cells treated with AMD3100, AMD070 and its niacin 210 
derivate WK1 [concentration: 40µM; for 48h] as determined by flow cytometry and compared to DMSO 211 
treated control cells. The treatments and Annexin V staining were performed in triplicates and medians ± 212 
standard deviations were depicted. (d) Percentage of cleaved caspase 3 positive BL2 (as Burkitt model) 213 
and SuDHL4 (as GCB-DLBCL model) cells treated with 40µM of AMD070 or 20µM and 40µM of its niacin 214 
derivate WK1 for 24h as determined by flow cytometry and compared to DMSO treated control cells. The 215 
treatments and cleaved caspase staining were performed in triplicates and medians ± standard deviations 216 
were depicted. 217 

2.5 WK1 and AMD070 increased expression of pro-apoptotic BCL2-members 218 

To further dissect the pro-apoptotic effects of the three CXCR4 antagonists, we treated BL2 cells, in 219 
which apoptosis was induced upon incubation with AMD070 and WK1, respectively, and the U2932 220 
cell line, which was unaffected upon treatment, and determined the gene expression levels of pro- 221 
and anti-apoptotic members of the BCL2 family.  222 

In BL2 cells, AMD070 treatment compared to DMSO resulted in induction of mRNA expression in 223 
two of the nine investigated pro-apoptotic genes (Figure 4a I) - namely BAK (2.4-fold after 1h, 224 
p=0.025) and NOXA (3.3-fold after 6h, p=0.03). Further, two out of three investigated anti-apoptotic 225 
genes (Figure 4a II) - namely BCL-XL (4.8-fold after 3h, p=0.039) and MCL1 (3.4-fold after 6 h and 226 
3.7-fold after 12h, p<0.031) were overexpressed compared to DMSO. In addition, AMD070 treatment 227 
caused reduced expression of three pro-apoptotic genes (Figure 4a I) - namely BID (5.2-fold after 6 h, 228 
p=0.032), PUMA (2.3-fold after 6 h, p=0.042) and BIM isoform 9 (3.1-fold after 12h, p=0.049). In stark 229 
contrast, AMD070 treatment of U2932 cells induced expression (at least 2-fold) of four of the nine 230 
investigated pro-apoptotic BCL2 family members (Figure 4b I and II) – namely BAX (2.7-fold after 231 
1h, p=0.014), NOXA (5.3-fold after 6h, p=0.043), BID (2-fold after 12h, p=0.048) and BIM 232 
isoform 9 (2.2-fold after 12h, p=0.046)- and of BCL-XL (3.7-fold after 1h, p=0.044). In addition, reduced 233 
expression of three pro-apoptotic members (Figure 4b I and II) - BAK (3.7-fold after 1h, p=0.018), 234 
BMF (3-fold after 1h, p=0.043) and PUMA (2.21-fold after 1h, p=0.035) - and BCLXL (5.7-fold after 1h, 235 
p=0.044) as anti-apoptotic genes, was observed.  236 

In BL2 cells, the expression levels of seven of the nine investigated pro-apoptotic genes were at least 237 
2-fold induced by WK1 treatment compared to DMSO control (p<0.05, Figure 4a I) - namely, 238 
BAK (3.4-fold after 1h, p=0.006), BIM isoform 9 (2.4-fold after 1h p=0.011), BIK (3.4-fold after 3h, 239 
p=0.041), BMF (11.2-fold after 3h and 3.6-fold after 6h, p<0.041), NOXA (4,2-fold after 3h and 3.9-fold 240 
after 12h, p<0.041), BAX (33.1-fold after 12h, p=0.029), PUMA (2.4-fold, p=0.023)- and BCL-XL 241 
(4.1-fold after 12h, p<0.0001, Figure 4a II) as anti-apoptotic genes. Contrary to BL2 cells, WK1 242 
treatment in U2932 cells (Figure 4b I and II) caused an at least 2-fold higher expression of BID 243 
(2.1-fold after 12h, p=0.042) as pro-apoptotic gene, a 2-fold lower expression of MCL1 (3-fold after 6 244 
h, p=0.04) and BCL-XL (4.1-fold after 12h, p=0.041) as anti-apoptotic genes, and lower expression of 245 
BAK (3.5-fold after 1h, p=0.02) as pro-apoptotic BCL2 family member. 246 

Comparing WK1 treated BL2 cells to AMD070, five of the nine investigated pro-apoptotic genes 247 
(Figure 4a I and II, p<0.043) - namely BIK (2.1-fold after 3h and 4-fold after 6h, p<0.043), 248 
BMF (2.4-fold after 3h, p=0.027), BAX (33.9-fold after 12h, p=0.028), BIM isoform 9 (3.4-fold after 12h, 249 
p=0.011), NOXA (3.8-fold after12h, p=0.034), PUMA (3.8-fold after 12h, p=0.025) - and BCL2 (2.4-fold 250 
after 6h, Figure 4a, p=0.044) as one of the three investigated anti-apoptotic genes were higher 251 
expressed in the WK1 treated cells. In contrast, WK1 treated U2932 cells exhibited an at least 2-fold 252 
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lower expression of four of the nine investigated pro-apoptotic genes (Figure 4b I and II) - namely 253 
BMF (2.4-fold after 6h, p=0.045), NOXA (3.4-fold after 6h, p=0.043), BCL-XL (2.4-fold after 12h, 254 
p<0.001) and MCL1 (2.4-fold after 6h, p=0.044). 255 

AMD3100 treatment of BL2 cells caused an at least 2-fold increase of the expression of the 256 
anti-apoptotic MCL1 gene (Figure S6a I and II), 6.4-fold after 1h, p=0.009) and reduced expression of 257 
two pro-apoptotic BCL2 family members - namely BID (2.4-fold after 6h, p=0.032) and 258 
PUMA (2.1-fold after 6h and 3.3-fold after 12h, p<0.031). In U2932, AMD3100 treatment caused an at 259 
least 2-fold lower expression of three of the nine investigated pro-apoptotic genes (Figure S6b I and 260 
II), p<0.031) – namely BAX (2-fold after 1 h, p=0.031), BIM isoform 9 (2.2-fold after 1 h, p=0.0286) and 261 
BMF (4.8-fold after 1h, p<0.001) - and higher expression of the anti-apoptotic gene BCL-XL (3.2-fold 262 
after 12h, p=0.008). 263 
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Figure 4: Gene expression of pro- and anti-apoptotic BCL2 member upon treatment with AMD070 and 266 
WK1. (a) BL2 (as Burkitt model) and (b) U2932 (as NGCB-DLBCL model) were treated with 40µM 267 
AMD070 or its niacin derivate WK1 and after 1h, 3h, 6h and 12h gene expression levels of (I) pro-apoptotic 268 
and (II) anti-apoptotic BCL2 family members were determined in comparison to DMSO treated control 269 
cells by RQ PCR. mRNA expression levels were calculated as relative expression in comparison to DMSO 270 
controls. Each bar represents the mean values of expression levels ± standard error of the mean (SEM). The 271 
comparison of the expression levels was performed by using the Mann-Whitney U-test or student’s t-test. 272 

2.6 WK1 treatment causes down-regulation of JNK-, ERK1/2 and NF-κB/ BCR-targets 273 

To assess whether treatment with CXCR4 antagonists has any effects on three important pathways 274 
known to be implicated in lymphomagenesis [21–25], we treated BL2 cells, in which apoptosis was 275 
induced upon incubation with AMD070 and WK1, respectively, and the U2932 cell line, which was 276 
unaffected upon treatment, and determined the mRNA expression levels of target genes of the c-Jun 277 
N-terminal kinases (JNK) - (CCR7, IL-10, CFLAR, ADARB, CCL22 and FN (based on the Ingenuity 278 
Pathway Analysis tool)), extracellular signal–regulated kinases (1/2) (ERK1/2) - (cFOS, BUB1, MXD1, 279 
JUNB, cJUN, ETV5 and DUSP1 [26]) and nuclear factor kappa-light-chain-enhancer of activated B 280 
cells (NF-κB)/B cell receptor (BCR) pathway (RGS1, KLF10, TNF, BCL2A1, OAS1 and CCL4 [27]) in an 281 
explorative manner after 24h.  282 

In BL2 cells, AMD070 treatment caused a reduced expression of BUB1 (2-fold, p=0.0115, Figure 5a) – 283 
one ERK1/2 target - and EGR3 (1.6-fold, p=0.0164, Figure 5a) – a NF-κB/ BCR-target - and a higher 284 
expression of MXD1 (1.6-fold, p=0.0343, Figure 5a) – a ERK1/2 target - and RGS1 (1.6-fold, p=0.0343, 285 
Figure 5a) – a NF-κB/ BCR-target. In stark contrast, WK1-treatment caused loss or lower expression 286 
of three of six investigated JNK targets (Figure 5a) - namely loss of IL-10 (p=0.021) and lower 287 
expression of CFLAR (4.8-fold, p=0.0226) and ADARB (9.9-fold, p=0.0001), lower expression of four 288 
of seven investigated ERK1/2 targets (Figure 5b) - namely BUB1 (95.3-fold, p=0.0045), MXD1 289 
(12.6-fold, p=0.0355), JUNB (4.8-fold, p=0.0079) and DUSP1 (13.7-fold, p=0.0275)- and lower or higher 290 
expression of five of seven NF-κB/ BCR-targets (Figure 5a) - namely lower expression of EGR3 291 
(27.9-fold, p=0.0215), BCL2A1 (5.3-fold, p=0.044), OAS1 (16.3-fold, p=0.029) and CCL4 (4.3 fold, 292 
p=0.0034) and higher expression of TNF (6.4-fold, p=0.042). AMD3100 treatment did not affect the 293 
expression levels of any investigated genes (Figure S7a). Comparing WK1 treated BL2 cells to 294 
AMD070, three ERK1/2 targets –namely, BUB1 (46.5-fold, p=0.001), MXD1 (20.8-fold, p=0.028) and 295 
DUSB1 (22.8-fold, p=0.038) - and four NF-κB/ BCR-targets – namely RGS1 (9.8-fold, p=0.026), EGR3 296 
(18.3-fold, p=0.035), BCL2A1 (8.4-fold, p=0.014) and CCL4 (6-fold, p=0.003) - were lower expressed 297 
upon WK1 treatment (Figure 5a). 298 

In U2932 cells, AMD070 treatment (Figure 5b) caused a lower expression of two ERK1/2 targets –299 
namely BUB1 (1.7-fold, p=0.048) and DUSP1 (2.5-fold, p=0.019) - and RGS1 (1.3-fold, p=0.042) - a 300 
NF-κB/ BCR-target and higher expression of MXD1 (1.7-fold, p=0.049). WK1 treatment (Figure 5b) 301 
caused a higher expression of FN1 (4.4-fold, p=0.0097) as JNK-target, MXD1 (1.7-fold, p=0.0135) as 302 
ERK1/2 target - RGS1 (1.3-fold, p=0.045), EGR3 (17-fold, p=0.0452) and TNF (13.7-fold, p=0.044) as 303 
three NF-κB/ BCR-targets. AMD070 treatment resulted in a slightly higher expression of one ERK1/2 304 
and on NF-κB/ BCR-target (Figure S7b). Comparing WK1 treated U2932 cells to AMD070 (Figure5 305 
b), higher expression of IL-10 (1.4-fold, p=0.0132), FN1 (3.7-fold, p=0.0217) - two JNK-targets, MXD1 306 
(1.4-fold, p=0.0095), cJUN (2.1-fold, p=0.025) – two ERK1/2 targets, RGS1 (1.7-fold, p=0.0349), EGR2 307 
(2.1-fold, p=0.025) and TNF (3.2-fold, 0.0278) was detected in WK1 treated cells. 308 
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 309 

Figure 5: Gene expression of JNK-, ERK1/2- and NF-κB/ BCR-target genes upon treatment 310 
with AMD070 and WK1. (a) BL2 (as Burkitt model) and (b) U2932 (as NGCB-DLBCL model) 311 
were treated with 40µM AMD070 or its niacin derivate WK1 and after 24h gene expression 312 
levels of CCR7, IL-10, CFLAR, ADARB, CCL22 and FN as JNK-targets, cFOS, BUB1, MXD1, 313 
JUNB, cJUN, ETV5 and DUSP1 as ERK1/2 and RGS1, KLF10, TNF, BCL2A1, OAS1 and CCL4 as 314 
NF-κB/ BCR targets were determined in comparison to DMSO treated control cells by RQ PCR. 315 
mRNA expression levels were calculated as relative expression in comparison to DMSO 316 
controls. Each bar represents the mean values of expression levels ± standard error of the mean 317 
(SEM). The comparison of the expression levels was performed by using the Mann-Whitney 318 
U-test or student’s t-test. 319 

320 
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3. Discussion 321 

This study was designed to comprehensively investigate the expression of the chemokine 322 
receptors CXCR4, CXCR7 and their ligand CXCL12 [17,28,29] in DLBCL. For all three genes, their 323 
implication in cancer surveillance has been demonstrated in more than 20 different solid cancer 324 
types [7–9]. Their role has also been investigated in DLBCL [10–16], however, these data are 325 
inconsistent and rather limited. We observed CXCR4 expression in non-neoplastic GC-B but a 326 
significantly higher expression in DLBCL. Additionally, we detected higher CXCR4 expression in 327 
DLBCL exhibiting an advanced disease stage. Our data confirm other studies, which demonstrated 328 
decreased CXCR4 expression for subsets of germinal centre B cells and higher expression in DLBCL 329 
and also for patients with advanced-stage disease [10,12,15,30]. However, our analysis revealed that 330 
high CXCR4 expression was not associated with the NGCB-DLBCL subtype, which was indeed 331 
observed by Moreno et al. [14] but contradicts previously published data [10]. This discrepancy 332 
might be caused by different applied algorithms, which we and others used for NGCB- and 333 
GCB-DLBCL classification and also differences in the DLBCL cohorts. The majority of the included 334 
GCB-DLBCL cases in our cohort had been transformed from follicular lymphomas. The distinct 335 
genetic and epigenetic alterations of such disease type [31] might, at least partially, explain the 336 
observed differences.  337 

In contrast to Moreno et al. [32], who described CXCR7 as a prognostic factor associated with 338 
better clinical outcome especially in CXCR4+ DLBCLs, we did not observe any statistically 339 
significant association to survival in our cohort. This might be once more caused by differences in 340 
the two lymphoma cohorts since we included a high number of transformed follicular lymphomas 341 
in our analysis. 342 

In this study, we observed that CXCL12 is expressed by lymphoma cells and the DLBCL 343 
microenvironment. To the best of our knowledge, a comprehensive study on CXCL12 expression in 344 
DLCBL has not been performed so far. Based on our finding that CXCR4 and CXCL12 are expressed 345 
simultaneously on lymphoma cells, it might be speculated that an autocrine stimulation loop occurs 346 
in aggressive lymphomas. 347 

Survival analysis revealed a trend for high CXCR4 expression associated with poor survival, in 348 
concordance with the findings of two other research groups [13,14,20]. However, we could not 349 
confirm the observation of a research group, who reported an association of high CXCR4 and poor 350 
progression-free survival in GCB-DLBCL [10]. This might be due to the small sample number of the 351 
distinct molecular subtypes investigated. Together with the fact that CXCR4- CXCL12 signalling 352 
activates several pathways like Janus kinases - signal transducer and activator of transcription 353 
(JAK-STAT), phosphoinositide 3-kinase (PI3K), protein kinase B (PKB, AKT), mitogen-activated 354 
protein kinase (MAPK) and NF-κB [8,33,34], we hypothesize that the high co-occurrence of the 355 
receptor and its ligand influences the resistance of lymphomas towards anti-lymphoma therapy in a 356 
potentially autocrine manner. Hence, we expect that low or even no CXCR4 expression leads to none 357 
or low activation of the mentioned pathways, thus leading to a higher therapeutic sensitivity of the 358 
lymphoma cells. 359 

In this study, we observed higher CXCR4 in DLBCL exhibiting BM infiltration in a third 360 
independent DLBCL cohort, in line with previously published results [11,12]. It is known that 361 
CXCR4 is up-regulated under hypoxic conditions in lymphoma [35] and several other cell lines [36–362 
38] in vitro. Since the CXCR4-CXCL12 axis and hypoxic conditions have been linked to BM 363 
metastasis of solid cancer [39–41] and based on xenograft experiments indicating a role for CXCR4 in 364 
bone marrow infiltration of DLBCL [10], it might be possible that this axis is also implicated in 365 
lymphoma progression and dissemination. The data on BM samples with or without involvement of 366 
DLBCL of our cohort show down-regulation of CXCR4 in the BM of patients under remission after 367 
therapy, as well as correlation of the CXCL12 expression with lymphoma cell infiltration underpins 368 
this assumption. 369 

Furthermore, we observed that AMD070 and its niacin derivate WK1 have pro-apoptotic effects 370 
in one CXCR4+ Burkitt lymphoma and one CXCR4+ GCB-DLBCL cell line as demonstrated by 371 
functional assays and gene expression analysis. In contrast, all cell lines (Burkitt lymphoma, NGCB- 372 
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and GCB-DLBCL), which were unaffected by the two treatments, were positive for CXCR4 and 373 
CXCR7. Moreover, a NGCB-DLBCL cell line, which was also unaffected by both treatments, was 374 
positive for CXCR4 only. The observed apoptotic properties of WK1 were even more pronounced 375 
compared to AMD070 as demonstrated by the induction of a higher number of pro-apoptotic genes 376 
and a higher percentage of apoptotic cells. In stark contrast, AMD3100 and niacin alone had no 377 
cytotoxic effects on lymphoma cell lines. These findings are in line with already published data, in 378 
which just inhibition of migration of malignant and non-malignant cells for AMD3100 and 379 
additionally growth inhibition for AMD070 were reported [42,43]. However, our data indicate that 380 
the cytotoxic and/ or apoptotic effects of AMD070 are increased by the addition of niacin and that 381 
these effects depend on the CXCR4 and CXCR7 expression patterns. Based on the gene expression 382 
analysis, which demonstrated that especially WK1 induced more pro-apoptotic genes in a more 383 
pronounced manner, it seems that the type and/or subtype of lymphoma cell, especially 384 
GCB-DLBCL, may influence the induction of pro-apoptotic genes and response rates. To the best of 385 
our knowledge, BKT140 was identified as the only CXCR4 antagonist possessing high 386 
cytotoxic/apoptotic properties in various solid cancer as well as lymphoma and leukaemia cell lines 387 
so far [44–46]. WK1 represents thus a second molecule with the same effects as BKT140. Therefore, it 388 
could serve as a starting point for developing new compounds with anti-lymphoma activity. 389 

Our explorative gene expression analysis of JNK-, ERK1/2- and NF-κB/ BCR- target genes 390 
demonstrated that three of five JNK targets, four of seven ERK1/2 target genes and five of seven 391 
NF-κB/ BCR-targets were lower expressed in WK1 treated cells, whereas, the effects of AMD070 392 
were diminished and for AMD3100 not detectable. Since JNK-, ERK1/2, and NF-κB/ BCR signalling 393 
plays an import role in the development of DLBCL [21–25], it might be speculated that the growth 394 
inhibitory effects of WK1 might also be mediated by suppression of these ways. 395 

In conclusion, our data indicate that the CXCR4-CXCL12 axis significantly contributes to the 396 
pathogenesis of DLBCL. The underlying mechanisms by which this axis influences the prognostic 397 
value may include lymphoma cell growth and dissemination, especially spreading to bone marrow. 398 
Based on the observed anti-lymphoma effects of the novel CXCR4 antagonist WK1, which is 399 
CXCR4-specific, the CXCR4-CXCL12 axis represents an interesting therapeutic target for CXCR4+ 400 
GCB-DLCBL at advanced disease stage and with potential BM infiltration. 401 

4. Materials and Methods  402 

Patients’ samples 403 
Our lymphoma cohort consisted of 77 histologically confirmed DLBCLs including 51 de novo 404 

and 26 transformed lymphoma samples (Table 2), receiving a Rituximab containing regimen at the 405 
Division of Hematology, Medical University of Graz between 2000 and 2010(with last follow-up 406 
until May 2019). Examined transformed DLBCL samples with an underlying diagnosis of follicular 407 
lymphoma only contained the high-grade component. Clonal relationship between an initial FL 408 
sample and the resulting transformed DLBCL sample was determined by immunoglobulin heavy 409 
chain rearrangement PCR comparing the respectively paired specimens. All samples represented 410 
DLBCLs according to the WHO classification [47]. By using the Hans algorithm [5] all cases were 411 
classified as follows: 46 cases were categorized as GCB-DLBCL, 25 as NGCB-DLBCL, and six as 412 
non-classifiable. Determination of the IHC profiles according to the Hans algorithms has previously 413 
been described by Fechter et al. was used [48]. In six non-classifiable cases, re-classification was not 414 
possible because of lacking material. As transformed DLBCL samples originating from FLs exhibited 415 
a similar expression pattern as GCB-DLCBL samples [49], these samples were added to this subtype. 416 
For this retrospective study, we used patient specimens obtained for routine diagnostic procedures. 417 
Hence, no written informed consent of patients was obtained. The study was conducted in 418 
accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics 419 
Committee of the Medical University Graz (No.28-516/ex 15/16). 420 

In this study, germinal centre B-cells were included as non-neoplastic control and isolated from 421 
tonsils from young patients undergoing routine tonsillectomy as described in detail by our research 422 
group [50,51].  423 
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Table 2: Clinico-pathologic parameters of the lymphoma cohort 424 

Clinico-pathologic parameters 

Patients 

(n=77) Proportion 

  

Subtype NGCB 25 32.47% 

  GCB 46 59.74% 

  missing IHC 6 7.79% 

  

Sex female 43 55.84% 

  male 34 44.16% 

  

Age <=60a 21 27.27% 

  >60a 56 72.73% 

  

Stage 1 16 20.5% 

  2 18 23.5% 

  3 26 34% 

  4 17 22% 

 425 
Cell lines and Cell Culture 426 

SuDHL4 as a model for GCB-DLBCL, RI-1 and U2932 as a model for NGCB-DLBCL and BL-2 427 
and Raji as a model for Burkitt lymphomas were used for in vitro experiments. SuDHL4, Raji, U2932 428 
and RI-1 were cultured in suspension with Roswell Park Memorial Institute (RPMI) 1640 Medium 429 
(Gibco, Thermo Fisher Scientific, Massachusetts, USA) supplemented with 10% heat-inactivated 430 
fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Massachusetts, USA) and 1% 431 
Antibiotic-Antimycotic (Gibco, Thermo Fisher Scientific, Massachusetts, USA). BL-2 were 432 
maintained in suspension in Roswell Park Memorial Institute (RPMI) 1640 Medium supplemented 433 
with 20% FBS (Gibco, Thermo Fisher Scientific, Massachusetts, USA) and 1% 434 
Antibiotic-Antimycotic. Cells were periodically checked for mycoplasma by PCR and were found to 435 
be negative. The identity of the DLBCL cell lines was confirmed by VNTR analysis using Power Plex 436 
16 System (Promega, Austria), and verified at the online service of the DSMZ cell bank 437 
(http://www.dsmz.de). All cell lines were treated with the commercially available CXCR4 438 
antagonists (MedChemExpress, Sollentuna, Sweden) -AMD3100 and AMD070 [18] - and the novel 439 
niacin derivative of AMD070 - called WK1, which was generated by us, in a range from 1µM to 440 
90µM. 441 

Synthesis of WK1 442 

AMD070 (MedChemExpress, Sollentuna, Sweden) (40 mg, 0.12 mmol, 1 eq) was dissolved in 443 
MeOH (800 μL). Nicotinyl chloride hydrochloride (20.4 mg, 0.12 mmol, 1 eq) and Et3N (32 μL, 0.23 444 
mmol, 2 eq) were added and the reaction mixture was stirred at ambient temperature of 24 hours. 445 
After consumption of the starting material (detected by TLC: CHCl3/MeOH/concd. NH4OH = 446 
6/1/0.01, v/v/v) the reaction mixture was concentrated under reduced pressure and purified utilizing 447 
silica gel chromatography (CHCl3/MeOH/concd. NH4OH = 20/1/0.01, v/v/v). WK 1 (20 mg) was 448 
obtained as colorless solid with a yield of 36%. NMR-Spectra see Figure S8). 449 

RNA extraction and RQ-PCR 450 
Total RNA from fresh frozen DLBCL patient tissues, non-neoplastic germinal centre B cells and 451 

lymphoma cell lines were isolated and cDNA synthesis was performed as previously described by 452 
our research group [50,51]. Real-time semi-quantitative PCR (RQ-PCR) for CXCR4, CXCR7, CXCL12, 453 
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BAD, PUMA, BAX, BCL-XL, BCL-2, MCL1, BIK, BAK, BIM Iso 9, BID, BMF, NOXA, BCL2A1, CCL4, 454 
KLF10, OAS1, RGS1, TNF, EGR3, cFOS, BUB1, MXD1, JUNB, cJUN, ETV5, DUSP1, CCL22, CCR7, IL10, 455 
FN1, COL1A, CFLAR and ADARB (Eurofins Genomic, Ebersberg, Germany and Qiagen, Hilden, 456 
Germany; assays and primers are listed in Table S1) was also performed as previously described 457 
[50,51]. GAPDH, ACTB, PPIA, and HPRT1, known to exhibit the lowest variability among lymphoid 458 
malignancies [52], were used as housekeeping genes and relative expression was calculated as 459 
described by us [50,51].  460 

Immunohistochemistry 461 
Formalin-fixed, paraffin-embedded tissue was pre-treated in a water bath with Target Retrieval 462 

Solution (1:10, Dako, Glostrup, Denmark) for 40 min. Primary antibody to CXCR4 (1:200, order 463 
number: ab1640) was purchased from Abcam (Cambridge, UK) and primary antibody to CXCL12 464 
(1:50, order number: MAB350) from R&D Systems (Minnesota, USA). For staining, kit K5001 (Dako, 465 
Glostrup, Denmark) and the automated stainer intelliPATH FLX®  (Biocare Medical, California, 466 
USA) were used according to the manufacturer’s instructions. We included tissues known to contain 467 
the respective antigens as controls (positive controls). Replacing the primary antibody with normal 468 
serum always produced negative results (negative controls). DLBCL specimens were investigated 469 
regarding the staining intensities and percentages of the positive stained DLBCL cells.  470 

CXCL12 binding assay 471 

We used CXCL12AF647 (ALMAC, Craigavon United Kingdom) to determine the binding of 472 
CXCL12 to CXCR4 and CXCR7 positive cells. First, either the CXCR4 antagonists AMD3100, 473 
AMD070 or WK1 to a final concentration between 20-0,01µM or blocking antibodies (10µg/mL) 474 
targeting CXCR4 (clone: 9C4, MBL Massachusetts, USA), CXCR7 (clone: 11G8, ChemoCentryx Inc., 475 
California, USA), or isotype controls were added to the cells and incubated for 45 minutes at 37°C. 476 
The treated cells were further incubated with fluorescent CXCL12AF647 (10 ng/mL; BD Biosciences, 477 
New Jersey, USA) for 3 hours at 37°C.  Measurement was performed on the LSRII flow 478 
cytometer (Becton Dickinson, New Jersey, USA) using CellQuest analysis software (Becton 479 
Dickinson, USA). 480 

Assessment of cell growth 481 

Lymphoma cell lines were plated at a density of 10.000/mL in a 96-well plate and treated with 482 
CXCR4 antagonists AMD3100, AMD070 or WK1 in a range from 1µM to 90µM. DMSO treated cells 483 
and pure medium served as controls and blanks. After treatment, cells were incubated for 72 hours 484 
at 37°C and 5% CO2. To measure cell proliferation and cytotoxicity, 20µl EZ4U reagent was added to 485 
each well and incubated for 4 hours at 37°C. Results were obtained by absorption measurement at 486 
492 nm with an additional reference measurement at 620 nm using SpectroStar Photometer (BMG 487 
LABTECH, Ortenberg, Germany). All experiments were performed in triplicates and repeated at 488 
least two times. 489 

Apoptosis assays 490 

Annexin V/7-AAD Staining: Cells were stained by using Annexin V/7-AAD kit (Biolegend, 491 
California, USA). Briefly, 200µL cell suspension was centrifuged and supernatant was removed. The 492 
pellet was resuspended in 100µL Annexin V binding buffer (Biolegend, California, USA) and 5µl 493 
Annexin V-APC (BioLegend, California, USA) and 7-AAD (Biolegend, California, USA) were added, 494 
followed by incubation for 15 min at room temperature in the dark. Measurement was performed on 495 
the LSRII (Becton Dickinson, New Jersey, USA) flow cytometer using CellQuest analysis software 496 
(Becton Dickinson, USA). 497 

To analyse caspase-3 cleavage, cells were washed and then resuspended in 200μl 4% 498 
paraformaldehyde for 15min at room temperature in the dark. Cells were permeabilised in methanol 499 
and incubated on ice for 30 min. For immunostaining, cells were incubated for 1 h with Cleaved 500 
Caspase-3 rabbit mAb -AF647 (Cell Signaling, Cambridge, UK). Measurement was performed on the 501 
LSRII flow cytometer (Becton Dickinson, New Jersey, USA) using CellQuest analysis software 502 
(Becton Dickinson, USA). 503 

Migration assay 504 
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Migration assays were performed using Transwell®  inserts (Costar, 6.5 mm diameter, 505 
polycarbonate membrane with 5.0 µM pores). Briefly, 3x105 cells were resuspended in 100µl RPMI 506 
1640 medium containing 5 % serum and pre-treated with vehicle or 1µM of the CXCR4 antagonists 507 
AMD70 and WK1 at 37 °C for 2 h. Subsequently, cells were transferred onto the Transwell®  inserts 508 
and placed into 24-well trays. The lower compartment was filled with 600 µl RPMI 1640 medium 509 
with 5 % serum containing 100 ng/ml CXCL12 agonists (AMD070 and WK1) or vehicle. Cells were 510 
allowed to migrate for 18 hours at 37 °C in a humidified atmosphere and 5 % CO2. The number of 511 
cells migrating to the lower compartment was quantified by flow cytometry. Results are shown as 512 
means ± SEMs of n = 3-4 independent experiments and are expressed as % of control response. 513 

Microarray Analysis 514 
The E-GEOD-10846 dataset (Affymetrix GeneChip Human Genome U133 Plus 2.0) [20] was 515 

download from ArrayExpress and analyzed in R 3.5.1 [53]. By applying rma, the data was 516 
preprocessed with the R package ‘oligo’ [54]. Only samples of patients (n=200), who were treated 517 
with RCHOP or were assigned a subtype diagnosis were included for further analysis. Expression 518 
values for the probe set annotated as CXCR4 were extracted.  519 

Statistical analysis 520 

For statistical analysis, IBM SPSS Statistics for Windows, Version 23.0 (IBM Corp., New York, 521 
USA) was used. P-values < 0.05 were considered statistically significant. The Shapiro-Wilk test was 522 
used to test for normality of distribution. Depending on the test result, a t-test or a Mann-Whitney 523 
U-test, its non-parametric counterpart, were used to investigate mRNA expression for differences 524 
(two-sided p-value). Overall survival was defined as the time in months from the date of diagnosis 525 
to death by any cause. 526 

Survival analysis was performed in R 3.5.1 [53] using the R package ‘survival’ [55] and 527 
‘survminer’ [56]. The patients were split into low- and high-expression groups by using the third 528 
quartile of CXCR4 expression. Survival was calculated with the Kaplan-Meier method, compared by 529 
the log-rank test. 530 
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