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Abstract: Chemokine receptors and their ligands have been identified as playing an important role
in the development of diffuse large B-cell lymphoma (DLBCL), follicular lymphoma, and Richter
syndrome (RS). Our aim was to investigate the different expression profiles in de novo DLBCL,
transformed follicular lymphoma (tFL), and RS. Here, we profiled the mRNA expression levels of 18
chemokine receptors (CCR1I-CCR9, CXCR1-CXCR7, CX3CR1 and XCR1) using RQ-PCR, as well as
immunohistochemistry of seven chemokine receptors (CCR1, CCR4-CCR8 and CXCR2) in RS, de
novo DLBCL, and tFL biopsy-derived tissues. Tonsil-derived germinal center B-cells (GC-B) served
as non-neoplastic controls. The chemokine receptor expression profiles of de novo DLBCL and tFL
substantially differed from those of GC-B, with at least 5-fold higher expression of 15 out of the 18
investigated chemokine receptors (CCRI-CCR9, CXCR1, CXCR2, CXCR6, CXCR7, CX3CR1 and XCR1)
in these lymphoma subtypes. Interestingly, the de novo DLBCL and tFL exhibited at least 22-fold
higher expression of CCR1, CCR5, CCR8, and CXCR6 compared with RS, whereas no significant
difference in chemokine receptor expression profile was detected when comparing de novo DLBCL
with tFL. Furthermore, in de novo DLBCL and tFLs, a high expression of CCR7 was associated with
a poor overall survival in our study cohort, as well as in an independent patient cohort. Our data
indicate that the chemokine receptor expression profile of RS differs substantially from that of de
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novo DLBCL and tFL. Thus, these multiple dysregulated chemokine receptors could represent novel
clinical markers as diagnostic and prognostic tools. Moreover, this study highlights the relevance of
chemokine signaling crosstalk in the tumor microenvironment of aggressive lymphomas.

Keywords: diffuse large B-cell lymphoma; Richter syndrome; transformed follicular lymphoma;
chemokine receptors; CCR7; CCL19; CCL21

1. Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoma subtype,
accounting for 30-40% of all lymphomas in adults with a 5-year survival rate of around
50% [1]. Although contemporary chemo-immunotherapy can cure about half of these
patients, there is an urgent medical need to improve actual therapy regimens [2]. Based on
gene expression profiling, DLBCL can be divided into two different subtypes: (i) germinal
center B-cell-like (GCB-DLBCL); and (ii) activated B-cell-like (ABC-DLBCL), or, in the case
of the usage of an immunohistochemical algorithm, non-germinal center B-cell-like (NGCB-
DLBCL) [3]. DLBCL arises de novo or by the transformation of indolent lymphomas, such
as follicular lymphomas (FL), and chronic lymphocytic leukemia (CLL), so-called Richter
syndrome (RS). About 2-3% of the patients with FL and 0.5-1% of the patients with CLL or
small lymphocytic leukemia transform per year [4,5]. Transformed FL (tFL) and RS-derived
DLBCL are characterized by a more aggressive clinical course compared with the de novo
DLBCL [6,7]. Especially in RS, only a limited number of patients achieve long-term survival
and, therefore, have an extremely poor outcome [6].

Chemokine receptors bind chemokines that are also known as pro-inflammatory and
chemotactic cytokines. The chemokines, as well as the chemokine receptors, play a key
role in diverse biological functions, e.g., organogenesis, hematopoiesis, and inflammatory
processes [8-10]. CCR6, CCR7, CXCR3, CXCR4, and CXCRS are crucial for B-cell develop-
ment, and, therefore, they are referred as B-cell homeostatic chemokine receptors [11-13].
The activation-induced chemokine receptors, which are expressed in response to the in-
flammatory cytokines, exert an essential role in inflammation and are responsible for the
migration of the immune cells toward a chemokine gradient, produced by the inflamed
cells [8]. Furthermore, it has been demonstrated that the chemokine receptors are involved
in the development, dissemination, and progression of B-cell lymphoma [14-18]. The
development of the chemokine antagonists, and their use in clinical trials for a variety of
diseases, show the potential of the chemokine receptors for molecular-targeted therapy [19].

The present study investigated the expression patterns of 18 chemokine receptors
of de novo DLBCL, tFL, RS, and germinal center B-cells (GC-B). Here, we show that 15
of the 18 investigated chemokine receptors were differentially expressed in GCB-DLBCL,
NGCB-DLBCL, and tFL, and eight chemokine receptors in the RS subgroup. Interestingly,
CCR1, CCR5, CCR8, CXCR6, and CX3CR1 were more highly expressed in de novo DLBCL
and tFL compared with RS, whereas no differences were observed when comparing GCB-
DLBCL, NGCB-DLBCL, and tFL to each other. Interestingly, a high expression of CCR7
was associated with poor overall survival.

2. Results
2.1. Substantial Differences in the CCR and CXCR Expression Patterns in DLBCL, tFL, RS and
GC-B

Since the knowledge of the chemokine receptor expression profiles in de novo and
transformed DLBCL is limited, we examined the mRNA expression levels of 18 well-
characterized chemokine receptors in primary lymphoma tissue samples, consisting of
GCB-DLBCL (n = 8) and NGCB-DLBCL (n = 18), one unclassified de novo DLBCL, tFL
(n =16), and RS (n = 14), as well as GC-B (n = 4) serving as the non-neoplastic controls.
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The activation-induced chemokine receptors [8], CCR2, CCR3, and CCRS, showed a
significantly higher expression in GCB-DLBCL, NGCB-DLBCL, tFL, and RS compared with
GC-B. Remarkably, these three CCR receptors, as well as CCR1, CCR4, and CCR), three other
activation-induced chemokine receptors [8], showed at least a 29-fold higher expression in
GCB-DLBCL, NGCB-DLBCL, and tFL compared with GC-B (Figure 1, p < 0.033). In RS, we
detected at least a 23-fold higher expression of CCR2, CCR3, and CCRS compared with GC-B
(Figure 1, p < 0.012). CCRY, an additional member of the activation-induced chemokine
receptor family [8], showed a higher expression (at least 21-fold) in NGCB-DLBCL and
tFL compared with controls (Figure 1, p < 0.014). Regarding the two members of the B-cell
homeostatic chemokine receptors [11-13], CCR6 and CCR7, we observed a 7-fold higher
CCR6 expression in tFL (Figure 1, p = 0.038), and at least a 5-fold higher CCR7 expression in
GCB- and NGCB-DLBCL, tFL, and RS compared with controls (Figure 1, p < 0.028).
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Figure 1. mRNA expression of CCR chemokine receptors in RS, tFL, GCB-DLBCL, NGCB-DLBCL,
and GC-B as healthy controls. Scatter plots show the mRNA expression of CCR1, CCR2, CCR3, CCR4,
CCR5, CCR6, CCR7, CCRS, and CCR9 in RS, tFL, GCB-DLBCL, NGCB-DLBCL, and GC-B. GC-B
denotes germinal center B-cells, which were isolated from non-neoplastic tonsils. Values of gene
expression are calculated as relative expression. Red lines indicate median and interquartile range.
* depicted in blue indicates significantly dysregulated chemokine receptors of a given lymphoma
subgroup compared with GC-B (p < 0.05). A depicted in blue indicates significantly dysregulated
chemokine receptors of RS compared with the tFl, GCB-, and NGCB-DLBCL (p < 0.05).
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In the group of CXCR, CX3CR1, and XCR1 chemokine receptors, five activation-
induced chemokine receptors [8], CXCR1, CXCR2, CXCR6, CX3CR1, and XCR1 were
expressed at least 27-fold more highly in GCB-DLBCL, NGCB-DLBCL, and tFL, compared
with GC-B (Figure 2, p < 0.043). In RS, we detected an 18-fold higher expression of CXCR2,
CX3CR1, and XCR1 compared with GC-B (Figure 2, p < 0.048). Interestingly, we did not
observe any substantial differences between GC-B and the lymphoma entities for the B-
cell homeostatic chemokine receptors, CXCR3, CXCR4, and CXCR5 [11-13] (Figure S1,
Supplementary Materials).
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Figure 2. mRINA expression of CXCR, CX3CR1, and XCR1 chemokine receptors in RS, tFL, GCB-
DLBCL, NGCB-DLBCL, and GC-B serving as healthy controls. Scatter plots show the mRNA expres-
sion of CXCR1, CXCR2, CXCR6, CXCR7, CX3CR1, and XCR1 in RS, tFL, GCB-DLBCL, NGCB-DLBCL,
and GC-B. GC-B denotes germinal center B-cells, which were isolated from non-neoplastic tonsils.
Values of gene expression are calculated as relative expression. Red lines indicate median and in-
terquartile range. * depicted in blue indicates significantly dysregulated chemokine receptors of a
given lymphoma subgroup compared with GC-B (p < 0.05). A depicted in blue indicates significantly
dysregulated chemokine receptors of RS compared with the tFL, GCB- and NGCB-DLBCL (p < 0.05).

Comparing the chemokine receptor expression profiles between the different lym-
phoma subtypes, we observed a remarkably higher expression of CCR1, CCR5, CCRS,
CXCR6, CXCR7, and CX3CR1 (42-fold, 123-fold, 51-fold, 20-fold, 21-fold, and 4-fold higher
expression) in both DLBCL-subtypes and tFL compared with RS (Figures 1 and 2, p < 0.045).
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Interestingly, no difference in the chemokine receptor expression patterns was detected
comparing between GCB-DLBCL, NGCB-DLBCL, and tFL.

To further explore the chemokine receptor expression patterns of the lymphoma
subtypes, we performed hierarchical clustering based on the mRNA expression levels using
ACT-values. As shown in Figure 3, the samples can be delineated as two discrete clusters,
based on their expression profiles. The first cluster contained all of the GC-B (4/4) and
most of the RS (11/14) samples, whereas the second cluster comprised all of the DLBCL
(8/8 GCB-DLBCLs, 18/18 NGCB-DLBCLs, and 1/1 unclassified DLBCL) and tFL (16/16)
samples, as well as a few RS (3/14) samples. In concordance with the differential expression
analysis results, these data suggest that the vast majority of the investigated specimens
with RS differ in their chemokine receptor expression profiles from the de novo DLBCL and
tFL and have an expression profile more similar to GC-B than to other lymphoma subtypes.
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Figure 3. Heatmap based on ACT-values of the 18 analyzed chemokine receptors for 4 GC-B, 8 GCB-
DLCBL, 18 NGCB-DLBCL, 16 tFL, and 14 RS samples, and hierarchical clustering of these analyzed
samples. The color at the top designates whether the sample is a GC-B (green), RS (pink), GCB-DLBCL
(light blue), NGCB-DLBCL (blue), tFL (bright blue), or unclassified DLBCL (dark blue) specimen.
Scaled ACT-values are visualized in shades of blue to red (lower to higher values), with lower values
representing a higher mRNA expression and higher values indicating lower mRNA expression.

2.2. The Chemokine Receptor Expression Pattern Is not Influenced by Intratumoral
Inflammatory Cells

To decipher the influence of the lymphoma-infiltrating immune cells on the chemokine re-
ceptor expression profiles, we analyzed the intratumoral T-cells (CD3%), T helper (CD3*CD4*),
and cytotoxic T (CD3*CD8*) subpopulations determined by multicolor-immunofluorescence
staining (n = 20), as well as the macrophages (CD68") by immunohistochemistry (IHC)
(n = 31) on selected cases, which were used for the mRNA expression profiling, as shown
in Table 1 and Figures S2 and S3 (Supplementary Materials). No correlation between the
number of intratumoral T-cells or their subpopulations, macrophages, and the chemokine
receptor profile was observed, suggesting that the chemokine receptor profile might be
determined by the presence of lymphoma B-cells and not by the infiltrating non-malignant
immune cells. Interestingly, the CD68 content was higher in NGCB-DLBCL compared with
tFL (p < 0.039).



Int. J. Mol. Sci. 2022, 23,7874

60of 17

Table 1. Analysis of intratumoral T-cells (CD3*), T helper (CD3*CD4"), cytotoxic T (CD3*CD8") cells
and macrophages (CD68*) determined by multicolor-immunofluorescence staining on selected cases.

Type of CD3* CD3*CD4* CD3*CD8* + (o)1 %
Lymphoma (Cells/mm?) * Value  (Cellgimm?) VAN (Cellg/mm?)  PVAlue CD68™ (%) p-Value
D?E?i 14917 909.5 499.7 18.75
e A NGCB-
_ (760.6- (476.2- (275.3-
Range: 2557.6) 1828.4) 1003.1) (10-40)  DLBCLvs.
e A tFL: 0.035
NGCB-
DLBCL 1365.8 >0.45 790.3 >0.8 507.2 >0.64 20
. (201.8- (60.1- (105.2-
Range: 3493.3) 2510.6) 1184.5) (5-40) CB.
tFL 1035.2 560.8 545.9 12.1 DLBCL vs.
. (347.3— (121.8- (103.1- ~ tFL: >0.38
Range: 1605.3) 1198.8) 1138.5) (5-20)

* CD68* (%) denotes the average percentage of CD68 positively stained cells per section.

2.3. Reduced CCR5, CCR6, and CCRS Protein Content in RS Compared with De Novo DLBCL
and tFL

Owing to the highest mRNA expression in the de novo DLBCL and tFL lymphoma sub-
types compared with GC-B and RS, immunohistochemical analyses of the five chemokine
receptors (CCR1, CCR4, CCR5, CCR6, and CCR8) were performed on selected cases (n = 36
in total: 16 de novo DLBCL, 12 tFLs, and 8 RS, identical to the ones of the mRNA expres-
sion analyses). As the controls, reactive tonsils (1 = 4) from non-neoplastic donors were
included to evaluate the reactive GC-B. When comparing the protein data with mRNA
expression, a significant positive correlation of CCR5 (Spearman-rho 0.519, p = 0.027);
CCR6 (Spearman-rho 0.556, p = 0.031), and CCR8 (Spearman-rho 0.671, p = 0.005) was
observed (Figure 4), thereby indicating that the deregulated mRNA expression translates
into abnormal protein content. For the CCR1 and CCR4, no correlation was found (Figure
54, Supplementary Materials), which suggests that the mRNA expression does not translate
into protein content in the investigated lymphoma subgroups, and that these two receptors
are regulated at post-translational levels.

In the reactive tonsils, all of the GC-Bs strongly expressed CCR5 on their surface. A
total of 80% of the centrocytes and 80% or 50% of the centroblasts strongly expressed CCR6
and CCR8. In contrast, neither of the two cell types expressed CCR1 or CCR4 (Figure 54,
Supplementary Materials).

In the de novo DLBCL specimens, the majority of the GCB- and NGCB-DLBCL cells
strongly expressed CCR5 and CCRS (Table 2 and Figure 4). Additionally, a moderate expres-
sion of CCR6 was found on the majority of lymphoma cell surfaces in both of the molecular
subtypes (Table 2 and Figure 4). In contrast, missing or weak CCR1 and CCR4 expression
was detected in a small fraction of the malignant cells (Figure 54, Supplementary Materials).

The tFL specimens possess a similar protein pattern to the de novo DLBCL: CCR5
and CCR8 were strongly and CCR6 was moderately expressed, whereas CCR1 and CCR4
expression was rarely or weakly detectable on the malignant cells (Table 2 and Figure 4;
Figure 51, Supplementary Materials).
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reactive tonsils DLBCL tFL RS

400x a00% a200x
Figure 4. Representative immunohistochemical stains of CCR5, CCR6, and CCR8 expression in
reactive tonsils, de novo DLBCL, tFL, and RS. All images were captured using an Olympus BX51
microscope and an Olympus E-330 camera (magnification 100x for the overview and magnification

400x for the small picture).

Table 2. Mean of the percentage and immunoreactive score (IRS) of positive cells of CCR1, CCR4,
CCRS5, CCR6, and CCRS in de novo DLBCL, GCB-DLBCL, NGCB-DLBCL, tFL, and RS.

CCR1 CCR4 CCR5 CCR6 CCR8
% - % - % - % - % -
Cases % &{S Cases % IRS Cases % IRS Cases % IRS Cases % IRS
ean Mean Mean Mean Mean
(+) (+) (+) +) +)
de
novo 7.1 19 90 57 67
DL- 30 (0-50) 0.7 30 (0-90) 2.4 100 (85-95) 16.2 80 (0-90) 6.6 90 (0-90) 11.7
BCL
GCB- 90 25 70
DLBCL 0 0 (<0) 0 0 0 (<0) 0 100 (85-95) 18 50 (0-50) 25 100 (50-90) 7
NGCB- 8.9 23.7 90 65 66.3
DLBCL 38 (0-50) 0.9 38 (0-5) 3 100 (85-95) 15.8 88 (0-90) 7.6 88 (0-90) 129
0.1 43.3 83.3 51.7 56.7
tFL 7 1) 0.1 60 (0-90) 6.1 100 307y 161 87 0-50) 7 73 0w 108
45 70 51.7 30
RS 0 0 (<0) 0 50 (0-90) 45 100 (30-90) 13 100 (0-90) 52 33 (0-90) 3

* IRS denotes the immunoreactive score determined using the percentage of positive cells and staining intensity as
described in detail in the Materials and Methods section.

In the group of RS, CCR5 and CCRS8 were strongly and CCR6 was moderately ex-
pressed on the majority of the malignant cells. Interestingly, the percentage of the lym-
phoma cells stained positively for CCR5 and CCR8 was lower in the RS samples compared
with GCB-, NGCB-DLBCL, and tFL (90% CCR5" cells in GCB- and NGCB-DLBCL and
83.3% for tFL vs. 70% for RS, p < 0.1) confirming the RNA data. As in the other lymphoma
entities, the CCR1 and CCR4 expression was rarely or weakly detectable (Table 2 and
Figure 4; Figure S1, Supplementary Materials).
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2.4. High CCR?7 Expression Is Associated with Poor Overall Survival and High CXCR2 Content in
De Novo DLBCL and tFL

To investigate the clinical relevance of the generated expression data, we exploratively
set the expression of the 18 chemokine receptors in relation to overall survival. For this
purpose, our de novo DLCBL and tFL samples (1 = 43 in total) were selected and analyzed
as one group, because of their similar chemokine receptor expression profiles and the fact
that all of the patients received R-CHOP-like therapy [20]. Because of our small sample
size, we used the microarray data published by Lenz et al. as an additional independent
cohort (n = 200 of patients treated with R-CHOP and assigned to the subtype ABC-DLBCL
or GCB-DLBCL [21]). By using the median of the mRNA expression, the patients were
divided into two groups, and we observed that a high expression of CCR7 was associated
with poor overall survival in our cohort (p = 0.013, Figure 5a) as well as in the Lenz et al.
dataset (p = 0.0016, Figure 5b). None of the other chemokine receptors had a significant
association with survival in both of the cohorts.
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Figure 5. Overall survival in relation to chemokine receptor expression of the two aggressive
lymphoma cohorts. Kaplan—Meier plot showing the overall survival of all de novo DLBCL and tFL
patients, split into two groups based on the level of CCR7 expression (high CCR7 expression in blue,
low expression in red, split by median). Survival curves of the de novo DLCBL and tFL cohorts are
shown in (a). Survival curves of publicly available mRNA dataset Lenz et al. [21] (E-GEOD-10846
dataset available from ArrayExpress) is presented in (b).

To determine whether a high expression of CCR?7 translated into high or low protein
levels, an immunohistochemical analysis for this chemokine receptor was performed. A
positive correlation was observed for CCR7 (Spearman-rho 0.698, p = 0.005, Table 3 and
Figure 6), validating the mRNA data. Interestingly, CCR7 was moderately expressed on the
majority of the lymphoma cells of GCB- and NGCB-DLBCL and tFL (Table 3 and Figure 6).
In the reactive tonsils, all of the GC-Bs exhibited strong CCR7 protein expression (Figure 6).

To further comprehensively study CCR7 in de novo DLBCL and tFL, we immunohis-
tochemically analyzed CCL19 and CCL21, the ligands of CCR7 [22-27], in our de novo
DLBCL and tFL cohorts (1 = 43). Moderate CCL19 expression was detectable on the vast
majority of the lymphoma cells in both of the DLBCL subtypes (Table 3 and Figure 6),
whereas CCL21 protein expression was found in less than half of the analyzed samples (18
of 43). In the reactive tonsils, all of the centrocytes and centroblasts moderately or strongly
expressed the CCL19 and CCL21 proteins (Figure 6). Combining the CCR7 expression with
the CCL19 and CCL21 expression pattern, it seems that CCR7 signaling is altered in the
lymphoma setting compared to the non-neoplastic condition. This potentially results in the
association of high CCR7 with a poor outcome.



Int. . Mol. Sci. 2022, 23, 7874

90f17

Table 3. Mean percentages and IRS of cells positive for CCR7, CCL19, CCL21, and CXCR2 in de novo
DBLCL, GCB-DLBCL, NGCB-DLBCL, and tFL.

CCR7 CCL19 CCL21 CXCR2
% Cases o IRS- % Cases o IRS- % Cases o IRS- % Cases o IRS-
(+) ° Mean +) ° Mean (+) ° Mean (+) ° Mean
de novo 745 75.2 24.7 72.5
DLBCL 100 (5-100) 12.63 100 (20-100) 9.36 32 (0-100) 3.69 88 0-95) 5.44
GCB- 75 85 13.3 63.78
DLBCL 100 (20-100) 135 100 (80-100) 7 17 (0-80) 2.67 2 (0-95) 2
NGCB- 74.4 72.8 274 75.4
DLBCL 100 (5-100) 1242 100 (20-100) 9.92 36 (0-100) 3.94 100 (40.95) 6.5
87.7 73.9 19.3 83.3
tFL 100 (20-100) 1591 100 (10-100) 7.78 23 (0-100) 2.23 100 (60-95) 6.67
reactive tonsils de novo DLBCL tFL
CCR7
| 1006
CCL19
100x 100x-
00X — — Jo0x— o ) 400x -
CCL21
100x 100x { 100x
00% 200x
CXCR2 §

100x B

{ 100 g el 100x

& Satedeledt nt Lo M e
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Figure 6. Representative immunohistochemical stains of CCR7, CCL19, CCL21, and CXCR2 expres-
sion in reactive tonsils, de novo DLBCL, and tFL. All images were captured using an Olympus BX51
microscope and an Olympus E-330 camera (magnification 100x for the overview and magnification
400x for the small picture).

Owing to the highest CXCR2 mRNA expression in the de novo DLBCL and tFL lym-
phoma subtypes compared with GC-B, an immunohistochemical analysis of this chemokine
receptor was performed. A positive correlation between the mRNA and protein levels
was observed for CXCR2 (n = 28, Spearman-rho 0.696, p = 0.002, Table 3 and Figure 6),
validating the mRNA data. In the reactive tonsils (1 = 4), all of the GC-Bs possessed a
weaker CXCR2 protein expression compared with the lymphoma cells (Figure 6).



Int. . Mol. Sci. 2022, 23, 7874

10 of 17

3. Discussion

This study was designed to exploratively investigate the mRNA expression pattern of
the chemokine receptors in de novo DLBCL, tFL, and RS, since it was demonstrated that
chemokine receptors play an important role in lymphomagenesis and most of them were
not so far intensively investigated in GCB-DLBCL, NGCB-DLBCL, tFL, and RS.

Although we used a small number of the lymphoma samples of the different sub-
groups, we reported that all of the investigated activation-induced chemokine receptors
—CCR1-CCR5, CCRS8, CCRY, CXCR1, CXCR2, CXCR6, CXCR7, CX3CR1, and XCR1—as
well as two of the five investigated B-cell homeostatic chemokine receptors -CCR6 and
CCR7—were more highly expressed in at least NGCB-DLBCL, GCB-DLBCL, and tFL com-
pared with GC-B. In RS, we detected a higher expression of CCR2, CCR3, CXCR1, CXCR2,
CX3CR1, and XCR1, which were also more highly expressed in the three other DLBCL
subgroups. The expression of all of these chemokine receptors has already been described
in DLBCL but rarely in RS [9,12,15,17,28-37]. Our analysis and published data indicate
that the chemokine receptors might play a key role in the pathogenesis of de novo and
transformed DLBCL.

In our comprehensive chemokine receptor expression analysis, we also found that the
expression profile of RS substantially differs from the expression profile of GCB-DLBCL,
NGCB-DLBCL, and tFL, with a lower expression of CCR1, CCR5, CCR8, CXCR6, CXCR?,
and CXCR3 in RS. This is potentially caused by the fact that the investigated DLBCL
subgroups originate at different stages of the B-cell differentiation. RS develops in the
context of a CLL, which is derived either from mature CD5* B-cells or memory B-cells,
whereas GCB-DLBCL and tFL arise from GC-B and NGCB-DLBCL from post-GC-B [38—40].
Similarly, our cluster analysis suggests differences in the chemokine receptor expression
profile of RS compared with the different lymphoma groups. Interestingly, the majority of
the RS group clustered together with the GC-B cells. This might be caused by the acquired
genomic alteration of the RS samples [5,41-43], which results in autonomous lymphoma
cell growth.

Our analysis of the content of the lymphoma infiltration immune cells (CD3*CD4*-,
CD3*CD8"-, and CD68*-cells), is similar to the study of Autio et al. [44]. Furthermore,
we observed a low percentage of the CD68* cells in tFL compared with NGCB-DLBCL,
indicating a different function of the lymphoma-infiltrating immune cells in the different
subgroups. Furthermore, the fact that we did not observe any association between the im-
mune cell content and chemokine receptor expression profile, indicates that the expression
pattern was determined by the lymphoma cells and not by the immune cells.

Our immunohistochemical analysis demonstrated moderate to strong expression of
CCRS5, CCR6, and CCRS8 on the surface of the lymphoma cells in all of the investigated
subgroups. It was demonstrated that the interaction of these three receptors plays a key
function in the proliferation of malignant cells [45]. Thus, we hypothesize that CCR5, CCRe,
and CCR8 might play a major role in the pathogenesis of GCB-DLBCL, NGCB-DLBCL, tFL,
and RS.

We also detected high CCR7 expression on the lymphoma cells of the GCB-DLBCL,
NGCB-DLBCL, and tFL subgroups. Our survival analysis revealed that high CCR7 expres-
sion is associated with a poor prognosis, which we also confirmed in the dataset of Lenz
et al. [21], serving as an additional independent cohort. This observation is in accordance
with the study of Du et al. [35], who showed a similar association in primary nodal DLBCL.
Additionally, it was shown that CCR7 plays a key role in the homing of the tumor cells
into the lymphoma-supporting niches in aggressive murine B-cell lymphomas [46]. Our
immunohistochemical analysis of the CCL19 and CCL21-ligands of CCR7 [22-27] demon-
strated that the lymphoma cells expressed CCL19, but that CCL21 expression was low in
the malignant cells. It was shown that both of the ligands can activate CCR7 signaling to
deliver survival and proliferation signals, as well as to cause chemotaxis, but CCL19 has
been shown to be more potent in this regard than CCL21 [47]. Thus, taking our current
and published data together, we hypothesize that autocrine CCR7-CCL19 signaling may
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significantly contribute to lymphomagenesis under malignant conditions by a stronger
activation of the survival pathways.

Furthermore, in our cohort, we did not observe any association between the CXCR4
expression level and survival, which is contradictory to the studies reported by us [18],
and by other research groups [48,49]. This might be caused by the small sample size of our
cohort and differences in the included patients.

Our immunohistochemical analysis of CXCR2 revealed a strong expression on the
de novo DLBCL and tFL cells. Expression of this chemokine receptor has been reported
on low grade FL, small lymphocytic lymphoma, marginal zone lymphoma, and hairy cell
leukemia [15], but has never been investigated in DLBCL so far. Since it has been reported
that the DLBCL cells produce CXCLS [50], the ligand of CXCR2 [51], we speculate that the
CXCL8-CXCR2-axis might play a key role in lymphomagenesis.

4. Materials and Methods
4.1. Patients

To comprehensively study the expression of the chemokine receptors in the de-
velopment of aggressive lymphomas, we measured the mRNA expression of 18 well-
characterized chemokine receptors in our cryopreserved aggressive lymphoma tissue
samples (n = 57). The clinicopathologic parameters of the lymphoma cohort are shown
in Table 4; the patients were treated at the Division of Hematology, Medical University
of Graz between 2000 and 2010 (with the last follow-up until 2020). Following the World
Health Organization classification [52], 27 of the samples were classified as de novo DLBCL
and 30 secondary DLBCL originating from tFL (n = 16) and RS (n = 14). By using the
Hans algorithm [3], the 27 de novo DLBCL samples were subdivided into 8 GCB-DLBCL
subtypes and 18 NGCB-DLBCL subtypes, respectively. Due to lacking tumor material, the
classification of one lymphoma sample was not possible.

For this retrospective study, we used patient specimens obtained during routine diag-
nostic procedures. Hence, no written informed consent from patients was obtained. The
study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of the Medical University of Graz (ethical application
28-516 ex 15/16).

Non-neoplastic GC-Bs (CD20M8"CD38*) serving as control were isolated using a
FACS-ARIA3 cell sorter from four human tonsils collected from children and adolescents
undergoing routine tonsillectomy with the donor’s informed consent, as approved by the
Ethics Committee of the Medical School of the University Duisburg-Essen (number of
ethical application: 11-4799-30).

4.2. RNA Isolation, cDNA Synthesis and Real-Time PCR

The RNA isolation was performed using the miRNeasy Mini Kit (Qiagen, Hilden, Ger-
many), according to the manufacturer’s protocol. The isolated RNA was then transcribed
into cDNA using the RevertAid H Minus First Strand cDNA Synthesis Kit (ThermoFisher-
Scientific, Waltham, MA, USA), according to the manufacturer’s protocol.

Semi-quantitative real-time PCR (RQ-PCR) was performed in triplicates using the Bio-
Rad CFX 384 detection system (Bio-Rad, Hercules, CA, USA). The nucleotide acid sequences
for primers and probes used for RQ-PCR analysis of 18 chemokine receptors (CCR1-CCR9Y,
CXCRI-CXCR7, CX3CR1, and XCR1) are shown in Table S1 (Supplementary Materials).
GAPDH and PPIA, possessing a high correlation coefficient (Spearman rho > 0.85 and
p < 0.05), served as the housekeeping genes. All of the PCR assays were already tested,
validated, and published in previous studies [17,53]. The results are expressed as relative
units based on calculation 2724€T, giving the relative amount of the target gene normalized
to the endogenous control (geometric mean of the GAPDH and PPIA) and relative to
peripheral mononucleated cells [54,55]. The undetermined values were set to a maximum
of CT 45, in accordance with that of Goni et al. [55]
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Table 4. Clinicopathologic characteristics of lymphoma patients included in this study.
De Novo DLBCL tFL RS
Cli;icopathologic Patients (n: 27) Proportion (%) Patients (n: 16) Proportion (%) Patients (n: 14) Proportion (%)
arameters
Gender
Male 15 55.6 5 31.25 10 71.4
Female 12 444 11 68.75 4 28.6
Age
<=60 6 222 7 43.75 5 35.7
Male 5 18.5 4 25.0 4 28.6
Female 1 3.7 3 18.75 1 7.1
>60 21 77.8 9 56.25 9 64.3
Male 10 37.0 1 6.25 6 42.8
Female 11 40.7 8 50.0 3 214
Ann Arbor Stage
1 7 259 2 12.5
2 8 29.6 2 12.5
3 6 222 7 43.75 n/a*
4 4 14.8 4 25.0
Not classifiable 2 7.4 1 6.25
Immunophenotype of DLBCL (Hans algorithm)
GCB 8 29.6 16 100 0 0
NGCB 18 66.7 0 0 5 35.7
Unclassifiable 1 3.7 0 0 9 64.3

Not classifiable: The respective parameters could not be determined in the indicated number of patients; the
indicated proportion of a parameter is always referred to the total number of study patients for whom clinical
data were available. Abbreviations: germinal center B-cell-like (GCB); non-germinal center B-cell-like (NGCB);
transformed follicular lymphoma (tFL); Richter syndrome (RS); not applicable (n/a). * the Ann Arbor Stage was
not evaluated in RS because of the pre-existing chronic lymphocytic leukemia.

4.3. Immunohistochemical Analyses for CCR1, CCR4, CCR5, CCR6, CCR7, CCRS8, CXCR2,
CCL19, and CCL21

Formalin-fixed, paraffin-embedded tissue was pretreated in a water bath with Target
Retrieval Solution (1:10, Dako, Glostrup, Denmark) for 40 min. The primary antibodies and
dilutions for all of the investigated proteins are listed in Table S2 (Supplementary Materials).
For staining, kit K5001 (Dako, Glostrup, Denmark) and the automated stainer intelliPATH
FLX® (Biocare Medical, Pacheco, CA, USA) were used, according to the manufacturer’s
instructions. We included tissues known to contain the respective antigens—reactive
tonsils—as controls (positive controls). Replacing the primary antibody with normal serum
always produced negative results (negative controls).

For scoring, the percentage of positive cells and the intensity of staining were graded
from 0 to 2+: 0, no staining; 1+, weak positive staining; 2+, moderate to strong positive
staining. The determination of the percentage of positively stained cells was performed by
calculating the average percentage of positive cells in at least ten high-power-fields (HPFs)
(0.242 mm? each, field diameter: 555.1 um). The percentages were rounded to 10%. An
immunoreactive score (IRS) was obtained by multiplying the percentage of positive cells
by staining intensity divided by 10, according to Zhuang et al. [56].

4.4. Multicolor-Immunofluorescence Staining of T-Cells and Subpopulations

Quadruple immunofluorescence staining of the acetone-fixed cryosections was per-
formed using directly labeled monoclonal and secondary antibodies for increased signal
strength (Table S3, Supplementary Materials). Briefly, after rehydration and blocking, the



Int. . Mol. Sci. 2022, 23, 7874

13 of 17

slides were incubated in several steps with primary antibodies overnight at 4 °C and appro-
priate secondary antibodies for 30 min at room temperature, followed by counterstaining
with DAPI. Appropriate isotype controls were stained at the same time. For evaluating
the immunofluorescence results, the images were acquired at room temperature using
a Z1 Axio Observer microscope equipped with an LD Plan-Neofluar x20/0.4 objective
(Zeiss, Oberkochen, Germany) using TissueFAXS imaging software and quantified with
TissueQUEST image analysis software (TissueGnostics, Vienna, Austria).

4.5. Statistics

Statistical analysis was performed using SPSS 25.0 (SPSS Inc, Chicago, IL, USA). The
chemokine receptor expression levels with significant differences in their expression were
analyzed using the Mann—-Whitney U-test; all of the significant associations were further
corrected for multiple testing by applying a Bonferroni correction, dividing the significance
level by the number of variables tested.

4.6. Survival Analysis and Heatmap

ACT-values were used to generate the heatmap, similarly to previously described [57-59].
The heatmap and hierarchical clustering with Euclidean distance and Ward linkage were
created using the heatmap.2 function of the R package ‘gplots’ [60] (R version 3.6.3. [61]),
applied to scaled data.

For the survival analysis, we analyzed the mRNA expression values of 18 well-
characterized chemokine receptors and the clinical data of 43 lymphoma patients, suffering
from de novo DLBCL and tFL (summarized in Table 4). The patients were split into two
groups using the median of mRNA expression values for each chemokine receptor. Survival
analysis was carried out using the R package ‘survival’ [62] (R version 3.6.3. [61]. Overall
survival was evaluated using the Kaplan—-Meier method and compared by the log-rank
test. The resulting survival curves were plotted using the R package ‘survminer” [63].
p-values <0.05 were considered statistically significant. Only the subjects with complete
survival data available were used in the analysis. To reproduce our findings in a public
dataset, we re-analyzed the microarray data published by Lenz et al. (E-GEOD-10846
dataset available from ArrayExpress) [21]. The raw data were processed and normalized,
using the “oligo’ R package [64] (R version 3.5.1 [61]). We incorporated the patient samples
treated with R-CHOP and classified as GCB-DLBCL or ABC-DLBCL in the analysis. Sur-
vival analysis was performed as described above. Due to the low sample size of our cohort,
only the results for chemokine receptors that were significant in both of the cohorts were
presented here.

5. Conclusions

In conclusion, we demonstrated that only two of the B-cell homeostatic chemokine
receptors and the majority of the activation-induced chemokine receptors showed a higher
expression in GCB-DLBCL, NGCB-DLBCL, tFL, and RS lymphoma samples compared
with non-malignant GC-B. We showed substantial differences in the chemokine receptor
profile of RS compared to that of GCB-DLBCL, NGCB-DLBCL, and tFL. Additionally,
we demonstrated that the expression levels of CCR7 could be of prognostic relevance
and, finally, that de novo DLBCL and tFL might exhibit autocrine CCR7-CCL19 signaling.
Therefore, (a combination of) chemokine receptors might serve as useful predictive or
diagnostic tools and might represent targets for novel therapeutic approaches of de novo
DLBCL, tFL, and RS.

Supplementary Materials: Supplementary materials are available online at https://www.mdpi.
com/article/10.3390/ijms23147874/s1.


https://www.mdpi.com/article/10.3390/ijms23147874/s1
https://www.mdpi.com/article/10.3390/ijms23147874/s1

Int. . Mol. Sci. 2022, 23, 7874 14 of 17

Author Contributions: Conceptualization, B.U., KT.P, M.P, HT.G., PN. and A.].D.; data curation,
B.U,KTP,KP, KW, JEW, AW, PVT, MW, RK,MP, PN. and A.].D,; formal analysis, B.U., K.P,,
KW, CB,MMS, J.E,CB.-S., PN. and A.].D.; funding acquisition, B.U. and P.N.; investigation, B.U.,
K.T.P,K.P. and A].D.; methodology, B.U., KT.P, KW,]S,CB,ES, MS,SF,G.S,].F and CB.-S,;
resources, H.T.G.; software, C.B. and J.E,; validation, C.B.,, M.P.,, A.G.R., B.A. and ].E,; visualization,
C.B., G.S,, J.E and C.B.-S.; writing—original draft, B.U. and A.].D.; writing—review and editing,
KTP,KP,KW,JS,CB., MMS., JEW, AW, PV.T, ES, MS. S.E, MW, RK,MP,HTG,, GS,,
A.GR,B.A,]JFE,CB.-S, PN. and A.J.D. All authors have read and agreed to the published version
of the manuscript.

Funding: B.U. was supported by a research grant of the Austrian Society of Hematology and Medical
Oncology (OeGHO). K.P. was supported by a grant of the DOC Fellowship Programme of the Austrian
Academy of Sciences (award 25690) and by a research grant of the OeGHO. ].F. was supported by
the Austrian Science Fund (FWF): T923-B26 and by a research grant of MEFOgraz. A.J.D. was
supported by the START-Funding-Program of the Medical University of Graz, by a research grant
of the MEFOgraz and by research grants of the OeGHO (clinical, translational and ASHO research
grant). G.S. was supported by the Vienna Science and Technology Fund (award LS518-058). ].S. was
supported by a DOC Fellowship of the Austrian Academy of Sciences.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of the Medical School of the
University Duisburg-Essen (number of ethical application 11-4799-30) and by the Ethics Committee
of the Medical University Graz (number of ethical application 28-516 ex 15/16).

Informed Consent Statement: Patient consent was waived for the chemokine analyses due to the
fact that it was a retrospective study and we used patient specimens, which were obtained during
routine diagnostic procedures.

Data Availability Statement: The public available data set used in this study can be found in
the ArrayExpress database (https:/ /www.ebi.ac.uk/arrayexpress/experiments/E-GEOD-10846/,
accessed on 1 July 2022).

Acknowledgments: The authors especially thank the Doctoral Program of Medical Science and PhD
Program in Molecular Medicine (MOLMED), Medical University of Graz, Austria.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  De]Jong, D.; Ponz, O.B. The molecular background of aggressive B cell lymphomas as a basis for targeted therapy. J. Pathol. 2010,
223,275-283. [CrossRef] [PubMed]

2. Menon, M.P; Pittaluga, S.; Jaffe, E.S. The Histological and Biological Spectrum of Diffuse Large B-Cell Lymphoma in the World
Health Organization Classification. Cancer J. 2012, 18, 411-420. [CrossRef] [PubMed]

3.  Hans, C.P; Weisenburger, D.D.; Greiner, T.C.; Gascoyne, R.D.; Delabie, J.; Ott, G.; Miiller-Hermelink, H.K.; Campo, E.; Braziel,
R.M,; Jaffe, E.S.; et al. Confirmation of the molecular classification of diffuse large B-cell lymphoma by immunohistochemistry
using a tissue microarray. Blood 2004, 103, 275-282. [CrossRef] [PubMed]

4. Kridel, R;; Sehn, L.H.; Gascoyne, R.D. Can histologic transformation of follicular lymphoma be predicted and prevented? Blood
2017, 130, 258-266. [CrossRef]

5. Parikh, S.A; Rabe, K.G,; Call, T.G.; Zent, C.S.; Habermann, T.M.; Ding, W.; Leis, ].E.; Schwager, S.M.; Hanson, C.A.; Macon,
W.R,; et al. Diffuse large B-cell lymphoma (Richter syndrome) in patients with chronic lymphocytic leukaemia (CLL): A cohort
study of newly diagnosed patients. Br. |. Haematol. 2013, 162, 774-782. [CrossRef]

6. Godfrey, J.; Leukam, M.; Smith, S.M. An update in treating transformed lymphoma. Best Pract. Res. Clin. Haematol. 2018, 31,
251-261. [CrossRef]

7. Tsimberidou, A.-M.; O'Brien, S.; Khouri, I.; Giles, FJ.; Kantarjian, H.M.; Champlin, R.; Wen, S.; Do, K.-A.; Smith, S.C.; Lerner,
S.; et al. Clinical Outcomes and Prognostic Factors in Patients with Richter’s Syndrome Treated with Chemotherapy or
Chemoimmunotherapy with or without Stem-Cell Transplantation. J. Clin. Oncol. 2006, 24, 2343-2351. [CrossRef]

8. Campbell, D.J.; Kim, C.H.; Butcher, E.C. Chemokines in the systemic organization of immunity. Immunol. Rev. 2003, 195, 58-71.
[CrossRef]

9.  Laurence, A.D.J. Location, movement and survival: The role of chemokines in haematopoiesis and malignancy. Br. ]. Haematol.
2005, 132, 255-267. [CrossRef]

10. Balkwill, F. Cancer and the chemokine network. Nat. Cancer 2004, 4, 540-550. [CrossRef]


https://www.ebi.ac.uk/arrayexpress/experiments/E-GEOD-10846/
http://doi.org/10.1002/path.2807
http://www.ncbi.nlm.nih.gov/pubmed/21125680
http://doi.org/10.1097/PPO.0b013e31826aee97
http://www.ncbi.nlm.nih.gov/pubmed/23006945
http://doi.org/10.1182/blood-2003-05-1545
http://www.ncbi.nlm.nih.gov/pubmed/14504078
http://doi.org/10.1182/blood-2017-03-691345
http://doi.org/10.1111/bjh.12458
http://doi.org/10.1016/j.beha.2018.07.008
http://doi.org/10.1200/JCO.2005.05.0187
http://doi.org/10.1034/j.1600-065X.2003.00067.x
http://doi.org/10.1111/j.1365-2141.2005.05841.x
http://doi.org/10.1038/nrc1388

Int. . Mol. Sci. 2022, 23, 7874 15 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bowman, E.P.; Campbell, J.; Soler, D.; Dong, Z.; Manlongat, N.; Picarella, D.; Hardy, R.R.; Butcher, E.C. Developmental Switches
in Chemokine Response Profiles during B Cell Differentiation and Maturation. J. Exp. Med. 2000, 191, 1303-1318. [CrossRef]
[PubMed]

Cyster, ].G. Chemokines, Sphingosine-1-Phosphate, and Cell Migration in Secondary Lymphoid Organs. Annu. Rev. Immunol.
2005, 23, 127-159. [CrossRef] [PubMed]

Miiller, G.; Hopken, U.E.; Lipp, M. The impact of CCR7 and CXCR5 on lymphoid organ development and systemic immunity.
Immunol. Rev. 2003, 195, 117-135. [CrossRef] [PubMed]

Trentin, L.; Agostini, C.; Facco, M.; Piazza, F,; Perin, A.; Siviero, M.; Gurrieri, C.; Galvan, S.; Adami, F.; Zambello, R.; et al. The
chemokine receptor CXCR3 is expressed on malignant B cells and mediates chemotaxis. J. Clin. Investig. 1999, 104, 115-121.
[CrossRef]

Trentin, L.; Cabrelle, A.; Facco, M.; Carollo, D.; Miorin, M.; Tosoni, A.; Pizzo, P.; Binotto, G.; Nicolardi, L.; Zambello, R.; et al.
Homeostatic chemokines drive migration of malignant B cells in patients with non-Hodgkin lymphomas. Blood 2004, 104, 502-508.
[CrossRef]

Suefuji, H.; Ohshima, K.; Karube, K.; Kawano, R.; Nabeshima, K.; Suzumiya, J.; Hayabuchi, N.; Kikuchi, M. CXCR3-positive B
cells found at elevated frequency in the peripheral blood of patients with MALT lymphoma are attracted by MIG and belong to
the lymphoma clone. Int. . Cancer 2005, 114, 896-901. [CrossRef]

Deutsch, A.].A.; Steinbauer, E.; Hofmann, N.A.; Strunk, D.; Gerlza, T.; Beham-Schmid, C.; Schaider, H.; Neumeister, P. Chemokine
receptors in gastric MALT lymphoma: Loss of CXCR4 and upregulation of CXCR? is associated with progression to diffuse large
B-cell lymphoma. Mod. Pathol. 2012, 26, 182-194. [CrossRef]

Pansy, K.; Feichtinger, J.; Ehall, B.; Uhl, B.; Sedej, M.; Roula, D.; Pursche, B.; Wolf, A.; Zoidl, M.; Steinbauer, E.; et al. The
CXCR4-CXCL12-Axis Is of Prognostic Relevance in DLBCL and Its Antagonists Exert Pro-Apoptotic Effects In Vitro. Int. J. Mol.
Sci. 2019, 20, 4740. [CrossRef]

Golay, ].T.; Introna, M. Chemokines and antagonists in non-Hodgkin’s lymphoma. Expert Opin. Ther. Targets 2008, 12, 621-635.
[CrossRef]

Smith, S. Transformed lymphoma: What should I do now? Hematology 2020, 2020, 306-311. [CrossRef]

Lenz, G.; Wright, G.; Dave, S.S.; Xiao, W.; Powell, J.; Zhao, H.; Xu, W.; Tan, B.; Goldschmidt, N.; Igbal, J.; et al. Stromal Gene
Signatures in Large-B-Cell Lymphomas. N. Engl. |. Med. 2008, 359, 2313-2323. [CrossRef] [PubMed]

Comerford, I.; Milasta, S.; Morrow, V.; Milligan, G.; Nibbs, R. The chemokine receptor CCX-CKR mediates effective scavenging of
CCL19in vitro. Eur. J. Immunol. 2006, 36, 1904-1916. [CrossRef] [PubMed]

Jafarnejad, M.; Zawieja, D.C.; Brook, B.S.; Nibbs, R.J.B.; Moore, ].E. A Novel Computational Model Predicts Key Regulators of
Chemokine Gradient Formation in Lymph Nodes and Site-Specific Roles for CCL19 and ACKR4. J. Immunol. 2017, 199, 2291-2304.
[CrossRef] [PubMed]

Leick, M.; Catusse, ].; Follo, M.; Nibbs, R.J.; Hartmann, T.N.; Veelken, H.; Burger, M. CCL19 is a specific ligand of the constitutively
recycling atypical human chemokine receptor CRAM-B. Immunology 2009, 129, 536-546. [CrossRef] [PubMed]

Townson, J.R.; Nibbs, R.J.B. Characterization of mouse CCX-CKR, a receptor for the lymphocyte-attracting chemokines
TECK/mCCL25, SLC/mCCL21 and MIP-3 I/mCCL19: Comparison to human CCX-CKR. Eur. J. Immunol. 2002, 32, 1230-1241.
[CrossRef]

Yoshida, R.; Imai, T.; Hieshima, K.; Kusuda, J.; Baba, M.; Kitaura, M.; Nishimura, M.; Kakizaki, M.; Nomiyama, H.; Yoshie, O.
Molecular Cloning of a Novel Human CC Chemokine EBI1-ligand Chemokine That Is a Specific Functional Ligand for EBI1,
CCR?7. J. Biol. Chem. 1997, 272, 13803-13809. [CrossRef]

Yoshida, R.; Nagira, M.; Kitaura, M.; Imagawa, N.; Imai, T.; Yoshie, O. Secondary Lymphoid-tissue Chemokine Is a Functional
Ligand for the CC Chemokine Receptor CCR?. |. Biol. Chem. 1998, 273, 7118-7122. [CrossRef]

Rodig, S.J.; Jones, D.; Shahsafaei, A.; Dorfman, D.M. CCRé6 is a functional chemokine receptor that serves to identify select B-cell
non-hodgkin’s lymphomas. Hum. Pathol. 2002, 33, 1227-1233. [CrossRef]

Miiller, G.; Reiterer, P.; Hopken, U.E.; Golfier, S.; Lipp, M. Role of Homeostatic Chemokine and Sphingosine-1-Phosphate
Receptors in the Organization of Lymphoid Tissue. Ann. N. Y. Acad. Sci. 2003, 987, 107-116. [CrossRef]

Anderson, M\W.; Zhao, S.; Ai, W.Z; Tibshirani, R.; Levy, R.; Lossos, I.S.; Natkunam, Y. C-C Chemokine Receptor 1 Expression in
Human Hematolymphoid Neoplasia. Am. J. Clin. Pathol. 2010, 133, 473-483. [CrossRef]

Li, Y.-L.; Shi, Z.-H.; Wang, X.; Gu, K.-S.; Zhai, Z.-M. Prognostic significance of monocyte chemoattractant protein-1 and CC
chemokine receptor 2 in diffuse large B cell lymphoma. Ann. Hematol. 2018, 98, 413-422. [CrossRef] [PubMed]

Chen, Q.; Zheng, T,; Lan, Q.; Lerro, C.; Zhao, N.; Qin, Q.; Hu, X,; Huang, H.; Liang, J.; Holford, T.; et al. Single-Nucleotide
Polymorphisms in Genes Encoding for CC Chemokines Were Not Associated with the Risk of Non-Hodgkin Lymphoma. Cancer
Epidemiol. Biomark. Prev. 2013, 22, 1332-1335. [CrossRef] [PubMed]

Nannini, P.R.; Borge, M.; Mikolaitis, V.C.; Abreu, C.; Morande, P.E.; Zanetti, S.R.; Oppezzo, P; Palacios, F.; Ledesma, I.; Bezares,
R.E; et al. CCR4 expression in a case of cutaneous Richter’s transformation of chronic lymphocytic leukemia (CLL) to diffuse
large B-cell lymphoma (DLBCL) and in CLL patients with no skin manifestations. Eur. ]. Haematol. 2011, 87, 80-86. [CrossRef]
[PubMed]

Huang, Q.; Zhang, F; Fu, H.; Shen, J. Epigenetic regulation of miR-518a-5p-CCR6 feedback loop promotes both proliferation and
invasion in diffuse large B cell lymphoma. Epigenetics 2020, 16, 28—44. [CrossRef] [PubMed]


http://doi.org/10.1084/jem.191.8.1303
http://www.ncbi.nlm.nih.gov/pubmed/10770798
http://doi.org/10.1146/annurev.immunol.23.021704.115628
http://www.ncbi.nlm.nih.gov/pubmed/15771568
http://doi.org/10.1034/j.1600-065X.2003.00073.x
http://www.ncbi.nlm.nih.gov/pubmed/12969315
http://doi.org/10.1172/JCI7335
http://doi.org/10.1182/blood-2003-09-3103
http://doi.org/10.1002/ijc.20823
http://doi.org/10.1038/modpathol.2012.134
http://doi.org/10.3390/ijms20194740
http://doi.org/10.1517/14728222.12.5.621
http://doi.org/10.1182/hematology.2020000115
http://doi.org/10.1056/NEJMoa0802885
http://www.ncbi.nlm.nih.gov/pubmed/19038878
http://doi.org/10.1002/eji.200535716
http://www.ncbi.nlm.nih.gov/pubmed/16791897
http://doi.org/10.4049/jimmunol.1700377
http://www.ncbi.nlm.nih.gov/pubmed/28807994
http://doi.org/10.1111/j.1365-2567.2009.03209.x
http://www.ncbi.nlm.nih.gov/pubmed/20002784
http://doi.org/10.1002/1521-4141(200205)32:5&lt;1230::AID-IMMU1230&gt;3.0.CO;2-L
http://doi.org/10.1074/jbc.272.21.13803
http://doi.org/10.1074/jbc.273.12.7118
http://doi.org/10.1053/hupa.2002.129417
http://doi.org/10.1111/j.1749-6632.2003.tb06038.x
http://doi.org/10.1309/AJCP1TA3FLOQTMHF
http://doi.org/10.1007/s00277-018-3522-3
http://www.ncbi.nlm.nih.gov/pubmed/30374624
http://doi.org/10.1158/1055-9965.EPI-13-0328
http://www.ncbi.nlm.nih.gov/pubmed/23640258
http://doi.org/10.1111/j.1600-0609.2011.01613.x
http://www.ncbi.nlm.nih.gov/pubmed/21443542
http://doi.org/10.1080/15592294.2020.1786317
http://www.ncbi.nlm.nih.gov/pubmed/32600091

Int. . Mol. Sci. 2022, 23, 7874 16 of 17

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Du, H.; Zhang, L.; Li, G.; Liu, W.; Tang, W.; Zhang, H.; Luan, ].; Gao, L.; Wang, X. CXCR4 and CCR7 Expression in Primary Nodal
Diffuse Large B-Cell Lymphoma—A Clinical and Immunohistochemical Study. Am. J. Med. Sci. 2019, 357, 302-310. [CrossRef]
Wu, W,; Doan, N.; Said, J.; Karunasiri, D.; Pullarkat, S.T. Strong expression of chemokine receptor CCR9 in diffuse large B-cell
lymphoma and follicular lymphoma strongly correlates with gastrointestinal involvement. Hum. Pathol. 2014, 45, 1451-1458.
[CrossRef]

Butrym, A.; Kryczek, I; Dlubek, D.; Jaskula, E.; Lange, A.; Jurczyszyn, A.; Mazur, G. High expression of CC chemokine receptor 5
(CCRS5) promotes disease progression in patients with B-cell non-Hodgkin lymphomas. Curr. Probl. Cancer 2018, 42, 268-275.
[CrossRef]

Seifert, M.; Sellmann, L.; Bloehdorn, J.; Wein, E; Stilgenbauer, S.; Diirig, J.; Kiippers, R. Cellular origin and pathophysiology of
chronic lymphocytic leukemia. J. Exp. Med. 2012, 209, 2183-2198. [CrossRef]

Seifert, M..; Scholtysik, R.; Kiippers, R. Origin and Pathogenesis of B Cell Lymphomas. Methods Mol. Biol. 2012, 971, 1-25.
[CrossRef]

Kippers, R. Mechanisms of B-cell lymphoma pathogenesis. Nat. Cancer 2005, 5, 251-262. [CrossRef]

Rossi, D.; Spina, V.; Deambrogi, C.; Rasi, S.; Laurenti, L.; Stamatopoulos, K.; Arcaini, L.; Lucioni, M.; Rocque, G.B.; Xu-Monette,
Z.Y; et al. The genetics of Richter syndrome reveals disease heterogeneity and predicts survival after transformation. Blood 2011,
117, 3391-3401. [CrossRef] [PubMed]

Wang, Y.; Tschautscher, M.A ; Rabe, K.G.; Call, T.G.; Leis, ].E.; Kenderian, S.S.; Kay, N.E.; Muchtar, E.; Van Dyke, D.L.; Koehler,
A.B.; et al. Clinical characteristics and outcomes of Richter transformation: Experience of 204 patients from a single center.
Huaematologica 2019, 105, 765-773. [CrossRef] [PubMed]

Rossi, D.; Cerri, M.; Capello, D.; Deambrogi, C.; Rossi, EM.; Zucchetto, A.; De Paoli, L.; Cresta, S.; Rasi, S.; Spina, V.; et al.
Biological and clinical risk factors of chronic lymphocytic leukaemia transformation to Richter syndrome. Br. . Haematol. 2008,
142,202-215. [CrossRef] [PubMed]

Autio, M,; Leivonen, S.-K.; Briick, O.; Karjalainen-Lindsberg, M.-L.; Pellinen, T.; Lepp4, S. Clinical Impact of Immune Cells and
Their Spatial Interactions in Diffuse Large B-Cell Lymphoma Microenvironment. Clin. Cancer Res. 2021, 28, 781-792. [CrossRef]
Korbecki, J.; Grochans, S.; Gutowska, I.; Barczak, K.; Baranowska-Bosiacka, I. CC Chemokines in a Tumor: A Review of Pro-Cancer
and Anti-Cancer Properties of Receptors CCR5, CCR6, CCR7, CCR8, CCR9, and CCR10 Ligands. Int. J. Mol. Sci. 2020, 21, 7619.
[CrossRef]

Rehm, A.; Mensen, A.; Schradi, K.; Gerlach, K.; Wittstock, S.; Winter, S.; Biichner, G.; Dérken, B.; Lipp, M.; Hopken, U.E.
Cooperative function of CCR7 and lymphotoxin in the formation of a lymphoma-permissive niche within murine secondary
lymphoid organs. Blood 2011, 118, 1020-1033. [CrossRef]

Yan, Y.; Chen, R.; Wang, X.; Hu, K,; Huang, L.; Lu, M.; Hu, Q. CCL19 and CCR7 Expression, Signaling Pathways, and Adjuvant
Functions in Viral Infection and Prevention. Front. Cell Dev. Biol. 2019, 7, 212. [CrossRef]

Moreno, M.J.; Gallardo, A.; Novelli, S.; Mozos, A.; Aragd, M.; Pavon, M.A.; Céspedes, M.V,; Pallarés, V.; Falgas, A.; Alcoceba, M.;
et al. CXCR7 expression in diffuse large B-cell lymphoma identifies a subgroup of CXCR4+ patients with good prognosis. PLoS
ONE 2018, 13, e0198789. [CrossRef]

Moreno, M.].; Bosch, R.; Dieguez-Gonzalez, R.; Novelli, S.; Mozos, A.; Gallardo, A.; Pavon, M.A.; Céspedes, M.V.; Grafiena, A.;
Alcoceba, M.; et al. CXCR4 expression enhances diffuse large B cell lymphoma dissemination and decreases patient survival.
J. Pathol. 2014, 235, 445-455. [CrossRef]

Manfroi, B.; McKee, T.; Mayol, ].E; Tabruyn, S.; Moret, S.; Villiers, C.; Righini, C.; Dyer, M.; Callanan, M.; Schneider, P.; et al.
CXCL-8/IL8 produced by diffuse large B-cell lymphomas recruits neutrophils expressing a prolifera-tion-inducing ligand April.
Cancer Res. 2017, 77,1097-1107. [CrossRef]

Liu, Q.; Li, A.; Tian, Y.; Wu, ].D,; Liu, Y.; Li, T.; Chen, Y.; Han, X.; Wu, K. The CXCL8-CXCR1/2 pathways in cancer. Cytokine
Growth Factor Rev. 2016, 31, 61-71. [CrossRef] [PubMed]

Campo, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, J.; Vardiman, ].W. WHO Classification of Tumours of Haematopoietic
and Lymphoid Tissues; Swerdlow, S.H., Ed.; International Agency for Research on Cancer: Lyon, France, 2017.

Deutsch, A.; Aigelsreiter, A.; Steinbauer, E.; Frithwirth, M.; Kerl, H.; Beham-Schmid, C.; Schaider, H.; Neumeister, P.; Deutsch, A.
Distinct signatures of B-cell homeostatic and activation-dependent chemokine receptors in the development and progression of
extragastric MALT lymphomas. . Pathol. 2008, 215, 431-444. [CrossRef]

McCall, M.N.; McMurray, H.; Land, H.; Almudevar, A. On non-detects in qPCR data. Bioinformatics 2014, 30, 2310-2316.
[CrossRef] [PubMed]

Najafi, M. How to Analyze Real Time qPCR Data? Biochem. Physiol. 2013, 2, e114. [CrossRef]

Zhuang, L.; Lee, C.S.; Scolyer, R.A.; McCarthy, S.W.; Zhang, X.D.; Thompson, ].E,; Screaton, G.; Hersey, P. Progression in melanoma
is associated with decreased expression of death receptors for tumor necrosis factor—related apoptosis-inducing ligand. Hum.
Pathol. 2006, 37, 1286-1294. [CrossRef] [PubMed]

Apostolou, P.; Iliopoulos, A.C.; Parsonidis, P.; Papasotiriou, I. Gene expression profiling as a potential predictor between normal
and cancer samples in gastrointestinal carcinoma. Oncotarget 2019, 10, 3328-3338. [CrossRef]

Asztalos, S.; Pham, T.N.; Gann, PH.; Hayes, M.K,; Deaton, R.; Wiley, E.L.; Emmadi, R.; Kajdacsy-Balla, A.; Banerji, N.; McDonald,
W.; et al. High incidence of triple negative breast cancers following pregnancy and an associated gene expression signature.
Springerplus 2015, 4, 710. [CrossRef]


http://doi.org/10.1016/j.amjms.2019.01.008
http://doi.org/10.1016/j.humpath.2014.02.021
http://doi.org/10.1016/j.currproblcancer.2018.01.006
http://doi.org/10.1084/jem.20120833
http://doi.org/10.1007/978-1-62703-269-8_1
http://doi.org/10.1038/nrc1589
http://doi.org/10.1182/blood-2010-09-302174
http://www.ncbi.nlm.nih.gov/pubmed/21266718
http://doi.org/10.3324/haematol.2019.224121
http://www.ncbi.nlm.nih.gov/pubmed/31197071
http://doi.org/10.1111/j.1365-2141.2008.07166.x
http://www.ncbi.nlm.nih.gov/pubmed/18492108
http://doi.org/10.1158/1078-0432.CCR-21-3140
http://doi.org/10.3390/ijms21207619
http://doi.org/10.1182/blood-2010-11-321265
http://doi.org/10.3389/fcell.2019.00212
http://doi.org/10.1371/journal.pone.0198789
http://doi.org/10.1002/path.4446
http://doi.org/10.1158/0008-5472.CAN-16-0786
http://doi.org/10.1016/j.cytogfr.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27578214
http://doi.org/10.1002/path.2372
http://doi.org/10.1093/bioinformatics/btu239
http://www.ncbi.nlm.nih.gov/pubmed/24764462
http://doi.org/10.4172/2168-9652.1000e114
http://doi.org/10.1016/j.humpath.2006.04.026
http://www.ncbi.nlm.nih.gov/pubmed/16949935
http://doi.org/10.18632/oncotarget.26913
http://doi.org/10.1186/s40064-015-1512-7

Int. . Mol. Sci. 2022, 23, 7874 17 of 17

59.

60.

61.

62.
63.

64.

Doan, T.B.; Eriksson, N.A.; Graham, D.; Funder, ] W.; Simpson, E.R.; Kuczek, E.S.; Clyne, C.; Leedman, PJ.; Tilley, W.; Fuller, PJ.;
et al. Breast cancer prognosis predicted by nuclear receptor-coregulator networks. Mol. Oncol. 2014, 8, 998-1013. [CrossRef]
Warnes, G.R.; Bolker, B.; Bonebakker, L.; Gentleman, R.; Huber, W.; Liaw, A.; Lumley, T.; Maechler, M.; Magnusson, A.; Moeller,
S.; etal. Various R Programming Tools for Plotting Data. (gplots 3.1.1). 2020. Available online: https://github.com/talgalili/gplots
(accessed on 1 July 2022).

R Development Core Team. R: A Language and Environment for Statistical Computing, R version 3.6.3/3.5.1; R Foundation for
Statistical Computing: Vienna, Austria, 2013; Available online: https:/ /www.R-project.org/ (accessed on 1 July 2022).
Therneau, T.M.; Grambsch, PM. Modeling Survival Data; Springer: New York, NY, USA; London, UK, 2000.

Kassambara, A.; Kosinski, M.; Biecek, P. Survminer: Drawing Survival Curves Using ‘ggplot2’. R Package Version 0.4.7. (R
package version 0.4.7). 2020. Available online: https:/ /CRAN.R-project.org/package=survminer (accessed on 1 July 2022).
Carvalho, B.S,; Irizarry, R.A. A framework for oligonucleotide microarray preprocessing. Bioinformatics 2010, 26, 2363-2367.
[CrossRef]


http://doi.org/10.1016/j.molonc.2014.03.017
https://github.com/talgalili/gplots
https://www.R-project.org/
https://CRAN.R-project.org/package=survminer
http://doi.org/10.1093/bioinformatics/btq431

