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Background: Diagnostic delay and neurologic deterioration are still a problem for the

treatment of rapidly progressing CNS lymphoma (CNSL); there is an unmet need for a

diagnostic test with a high diagnostic yield and limited risk, minimizing the time to the

initiation of effective treatment.

Methods: In this prospective monocentric study, we analyzed the utility of CXCL13 and

CXCL9 as diagnostic, therapeutic and prognostic biomarkers for CNSL. Cerebrospinal

fluid (CSF) from 155 consecutive patients admitted with brain lesions of various origins

was collected. Levels of CXCL13 and CXCL9 were analyzed by ELISA. Additionally, CSF

was analyzed during CNSL disease course (relapse, remission, progress) in 17 patients.

Results: CXCL13 and CXCL9 CSF levels were significantly increased in patients with

CNSL compared to control patients with lesions of other origin. Using logistic regression

and a minimal-p-value approach, a cut-off value of 80 pg/ml for CXCL13 shows high

sensitivity (90.7%) and specificity (90.1%) for the diagnosis of active CNSL. CXCL9 at a

cut-off value of 84 pg/ml is less sensitive (61.5%) and specific (87.1%). Both cytokines

correlate with the clinical course and response to therapy.

Conclusions: Our results confirm the excellent diagnostic potential of CXCL13 and

introduce CXCL9 as a novel albeit less powerful marker for PCNSL.

Keywords: CNS lymphoma, cerebrospical fluid, biomarker, CXCL13 chemokine, CXCL9

INTRODUCTION

Central nervous system lymphoma (CNSL) accounts for∼1–5% of all brain tumors and comprises
two entities, primary and secondary CNSL (PCNSL, SCNSL) (1). PCNSL represents a lymphoma
of the diffuse large B cell subtype exclusively confined to the CNS at the time of diagnosis
(2). Secondary CNS involvement occurs in ∼5% of patients with systemic lymphoma (1). With
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MTX-based chemotherapy, long-term survival can be achieved
for up to one third of the CNSL patients (3). Nonetheless, for
most patients, prognosis remains dismal with a median survival
of 26 months (4). Without therapy, CNSL can be fatal within
2–3 months.

The rapidly progressive nature of CNSL requires a timely
diagnosis and prompt initiation of therapy. However, diagnostic
delay is still a major problem (5). MRI alone does not allow
a reliable distinction from other CNS lesions of neoplastic,
inflammatory, or infectious origin (6, 7). In <15%, positive
cerebrospinal fluid (CSF) or vitreous biopsy for lymphoma can
eliminate the need for histopathologic confirmation by brain
biopsy (8). However, brain biopsy is required to diagnose the vast
majority of CNSL patients. Nevertheless, brain biopsies have a
potential risk of complications including hemorrhage, infection,
and non-diagnosis (9). Especially treatment with steroids prior
to biopsy increases the risk of diagnostic failure in up to >50% of
cases (10). Furthermore, some lesions are not amenable to biopsy
because of their small size, location in deep brain structures, or
the risk of hemorrhage. Therefore, there is a need for alternative
diagnostic tests with high diagnostic yield and limited risks,
leading to shorter time to diagnosis and rapid treatment.

In recent years, several candidate molecules in blood and
CSF have been identified that might be useful as diagnostic
biomarkers for CNSL (11–16). Among these, especially CXCL13
has a high potential as a diagnostic marker for CNSL, as
evidenced by a recent meta-analysis (17). CXCL13 has been
shown to be upregulated in CSF of patients with CNSL, its levels
decrease under therapy and have been shown to be negatively
correlated with patient survival (18, 19). Overall, CSF-biomarkers
have a great potential as a non-invasive diagnostic tool in CNSL.
However, their diagnostic and prognostic accuracy has not been
studied in a prospective cohort of patients.

The goal of this study was to identify relevant diagnostic
markers in the CSF of patients with PCNSL and to validate
their diagnostic potential in a prospective setting in a
monocentric study.

MATERIALS AND METHODS

Patients
This prospective study was conducted in the University Hospital
of Munich, Germany from 2012 to 2015. All patient samples were
collected following written informed consent according to local
ethics guidelines and the Declaration of Helsinki. We included
consecutive patients > 18 years with at least one MRI-proven
brain lesion of unknown origin, in whom diagnostic lumbar
puncture was performed during clinical routine. Diagnosis of
CNSL was established by stereotactic brain biopsy and/or by
CSF analysis. Clinical data, radiographic data, and laboratory
results were obtained. Two prognostic scores [the International
Extranodal Lymphoma Study Group (IELSG) score (20) and the

Abbreviations: CSF, cerebrospinal fluid; CNSL, cerebral lymphoma;
PCNSL, primary CNS lymphoma; SCNSL, secondary CNS lymphoma; AID,
autoinflammatory disease; NID, neuroinfectious Disease; PBT, primary brain
tumor; SBT, secondary brain tumor.

Memorial Sloan-Kettering Cancer Center (MSKCC) score (21)]
were determined.

Processing of CSF and Serum Samples
CSF and serum samples were collected, immediately centrifuged,
and stored at −80◦C. Routine CSF analysis (i.e., cell count,
microscopy, protein quantification, glucose levels) as well
as cytology, immunophenotyping, and flow cytometry were
performed at our Institute of Laboratory Medicine.

Protein-Array
To identify potential markers for CNSL, archived CSF samples
from patients with untreated PCNSL (new diagnosis/ND and
relapse/R, n = 5, respectively) were analyzed for levels of
various cytokines and chemokines (see Supplemental Material)
using a custom-made protein array. CSF samples from patients
with tension headache, CNS metastasis with leptomeningeal
involvement, and primary brain tumors (n = 5, respectively)
were used as controls. The array was applied following the
instructions of the manufacturer (Raybiotech Inc., USA).

ELISA
Levels of soluble CXCL13 and CXCL9 in the CSF were
determined using ELISA (R&D Systems) following the
manufacturer’s instructions.

Magnetic Resonance Imaging
MRI analysis included a T1-weighted, a T1 weighted contrast
enhanced, a T2-weighted, a diffusion weighted (DWI) and a
fluid-attenuated inversion recovery weighted (FLAIR) sequence.
CXCL13 and CXCL9 levels were compared for patients
with different CNSL MRI-characteristics: (1) homogenous vs.
heterogenous contrast enhancement (2) contact vs. no contact
to ventricular system (3) involvement vs. no involvement of
deep brain structures, and (4) monolocular vs. multilocular
occurance. MRI evaluation was performed as central review by
an experienced neuro-oncologist (MH).

Statistics
For the comparison of a continuous variable between two
groups, we applied the Mann Whitney U test for independent
groups and the Wilcoxon test for dependent groups. The
association of two categorical variables was assessed using the
chi-square test. Correlation between two continuous variables
was investigated with Spearman’s correlation coefficient. Unless
otherwise indicated, values of continuous variables were
described by median and range.

Receiver operating characteristic (ROC) curves and the area
under the curve (AUC) were calculated for the biomarkers.
Youden’s index was used to choose the optimal cut-off.

To investigate factors associated with the diagnosis of CNSL,
logistic regression was applied. Candidate prognostic factors for
multiple regression analyses were age at diagnosis, sex, CXCL9,
and CXCL13 CSF levels. For continuous variables, the potential
inclusion of a first-degree fractional polynomial was considered
as alternative to fitting a straight line (22).

To aid in medical decision making, the linear predictor of
the final model was intended to be categorized into prognostic
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groups. The classification was done with the minimum p-value
approach, with adjustment for multiple testing and assuming that
the smallest group should contain at least 20% of patients (23).
Bootstrap resampling was applied to choose the final model and
to assess the stability of classifications (24).

Disease-free survival probabilities were estimated by the
Kaplan-Meier method; different groups were compared using
the log-rank test. Cox regression was applied to estimate
hazard ratios.

Apart from p-value adjustment for multiple testing, the
significance level of the two-sided p-values was 0.05. Estimates
were given with 95% confidence intervals. All analyses were
exploratory. Analyses were done with SAS version 9.4, an SAS
macro for multiple fractional polynomials, the statistics software
R version 3.4.3, the Prism Software, or SigmaPlot.

RESULTS

In a first step, we aimed to identify relevant diagnostic
biomarkers for CNSL. Out of 35 candidate cytokines, we
identified 3 promising biomarkers (Supplementary Figure 1)
using a cytokine/chemokine array. CXCL13 and IL10, which
have been previously described as being elevated in patients
with CNSL (18, 19, 25), and CXCL9, which has not been
reported as a biomarker for CNSL so far. Since CXCL13 has
robustly been shown to have a high sensitivity and specificity,
we chose to confirm its diagnostic potential in a prospective
setting. Furthermore, CXCL9, a biomarker not described as a CSF
biomarker so far, was analyzed for its diagnostic potential.

One hundred and fifty-five consecutive patients with brain
lesions of various origins were included in our study: 46 patients
with PCNSL, 8 patients with SCNSL, 24 patients with primary
brain tumors (PBT), 23 patients with secondary brain tumors
(SBT), 7 patients with lesions from neuroinfectious diseases
(NID), 29 patients with lesions from autoimmune diseases (AID),
and 18 patients with focal lesions from other neurological
diseases (OND). All CNSL specimen were classified as diffuse

large B cell lymphoma by histopathologic analysis. Patient
characteristics and respective CSF parameters are shown in
Table 1 and a detailed description of the respective diagnoses can
be found in the Supplementary Material.

To rule out the possibility that patients without focal CNS
lesions harbor elevated CXCL13 or CXCL9 CSF levels, we also
used archived CSF samples from 101 patients with various
non-lesional neurological diseases as historical controls (for
diagnoses, see Supplementary Material).

CXCL13 and CXCL9 CSF Levels Are
Elevated in Active CNSL
CSF CXCL13 levels of patients with active (untreated) primary
and secondary CNSL at diagnosis or relapse did not indicate a
clinically relevant difference [PCNSL-ND 499 (8–18,292), n =

32; PCNSL-R 613 (6–7,007), n = 14; SCNSL 485 (134–18,126)
pg/ml, n = 8; p = 0,774, Figure 1A], and were therefore pooled
for further analysis. CSF levels of CXCL13 of patients with active
CNSL were significantly higher compared with patients with
focal lesions of other origin [0 (0–4,789) pg/ml, n = 101, p <

0.001] or with historic controls without CNS lesion [0 (0–155)
pg/ml, n= 101, p < 0.001] (Figure 1A).

Subgroup analysis of all patients with focal lesions revealed
that CXCL13 CSF levels were significantly higher in patients with
active CNSL [530 (6–18,292) pg/ml] as compared to PBT [0 (0–
4789) pg/ml], SBT [7 (0–1,333) pg/ml], AID [5 (0–744) pg/ml],
NID [12 (0–86) pg/ml], and other CNS lesions [OND 0 (0–10)
pg/ml] (Figure 1B).

CXCL9 CSF levels were elevated in patients with active CNSL
with no significant difference between the subgroups {PCNSL-
ND [280 (0–10,676)], PCNSL-R [342 (0–2,379)], SCNSL [20 (0–
1,354) pg/ml], p = 0.165}; thus we pooled these samples (active
CNSL) for further analysis (Figure 1C).

Subgroup analysis revealed significantly higher CXCL9 CSF
levels in patients with active CNSL [259 (0–10,676) pg/ml] as
compared to patients with PBT [0 (0–282) pg/ml, p < 0.001],
SBT [0 (0–1,326) pg/ml, p= 0.002], AID [0 (0–1,808) pg/ml, p <

TABLE 1 | Patient characteristics and cerebrospinal fluid (CSF) parameters for the different patient groups.

Patient characteristics CSF parameters

Diagnosis n Age Sex

(f/m)

Cells/µl Protein

(mg/dl)

Glucose

(mg/dl)

AI CSF/

serum (×10−3)

Newly diagnosed PCNSL 32 52 (21–85) 14/18 7 (1–408) 66 (9–604) 64 (41–93) 10 (4–96)

Newly diagnosed SCNSL 8 67 (53–90) 3/5 7 (2–369) 89 (50–221) 53 (34–103) 13 (8–53)

Relapsed PCNSL 14 64 (23–81) 6/8 8 (1–202) 88 (39–448) 63 (25–99) 18 (3–65)

PCNSL complete remission 22 70 (31–80) 9/13 1 (0–8) 54 (30–204) 65 (46–112) 9 (4–49)

Primary brain tumor (PBT) 24 60 (21–83) 8/16 2 (0–204) 57 (25–193) 60 (48–89) 8 (3–50)

Secondary brain tumor (SBT) 23 63 (31–83) 11/12 5 (0–165) 65 (26–336) 63 (10–98) 7 (4–55)

Autoimmune inflammatory disease (AID) 29 48 (19–76) 19/10 9 (0–144) 54 (23–128) 60 (25–76) 7 (3–17)

Neuroinfectious disease (NID) 7 58 (20–76) 1/6 16 (1–596) 64 (49–104) 54 (36–65) 12 (7–13)

Other neurologic disease (OND) 18 57 (30–84) 12/6 2 (0–7) 45 (20–130) 65 (55–116) 6 (2–21)

Historical non-lesional controls 101 53 (18–87) 48/53 1 (0–13) 44 (22–292) 62 (45–104) 6 (2–16)

For age, cells, protein and glucose levels and antibody index, median with range was calculated. n, number of patients of each group; f, females; m, males; AI, albumin index.
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FIGURE 1 | CXCL13 and CXCL9 levels in CNSL and other lesions. CXCL13 CSF levels (A,B), and CXCL9 CSF levels (C,D) were determined in samples for patients

with CNSL and other lesional brain pathologies. (A,C) CSF levels of CXCL13 and CXCL9 were compared between patients with newly-diagnosed primary CNSL

(PCNSL-ND), PCNSL in relapse (PCNSL-R), secondary CNSL (SCNSL), and all lesional pathologies grouped together (Focal lesions) as well as patients with other

non-lesional pathologies serving as negative controls (No lesion). (B,D) CXCL13 and CXCL9 levels were compared between all patients with active CNSL and those

with other lesional pathologies subcategorized into primary brain tumors (PBT), secondary brain tumors (SBT), autoimmune neuroinflammatory diseases (AID),

neuroinfectious diseases (NID), and other lesions (OND). The dotted line in each diagram depicts the detection limit of each chemokine. Values below the detection

limit were counted as 0 for calculation processes but were assigned different values in the diagram for better visualization of the number of probes below the limit.

0.001], and OND [0 (0–27) pg/ml, p < 0.001]. CXCL9 CSF levels
of patients with lesions from NID, however, did not significantly
differ from those of patients with CNSL [142 (0–343) pg/ml]
(Figure 1D).

In a next step, we analyzed whether CXCL13 and CXCL9 CSF
levels in patients with active CNSL are associated with patient
characteristics (age, gender), prognostic scores (IELSG,MSKCC),
MRI- and CSF characteristics (protein level, leucocyte count,
cell count, glucose levels, albumin ratio, IgG ratio, meningeosis
lymphomatosa; data not shown). We found a weak to moderate
positive correlation of CXCL13 CSF levels with CSF leukocyte
count (Spearman correlation coefficient rho= 0.48), CSF protein
levels (rho= 0.47), albumin ratio (rho= 0.58), and IgG ratio (rho
= 0.53). Moreover, CXCL13 levels were significantly higher in
patients with meningeosis lymphomatosa as compared to those
without (p = 0.043). CXCL9 levels showed a weak to moderate
positive correlation with CSF protein levels (rho=0.53), albumin
ratio (rho = 0.61), and IgG ratio (rho = 0.63). Both markers
correlated positively with each other (rho = 0.66). Furthermore,
we compared the CSF levels of CXCL13 and CXCL9 in patients
with different MRI characteristics. Neither CNSL contact to

the ventricular system, nor homogenous contrast enhancement,
involvement of deep brains structures or mulitlocular occurance
were associated with increased CXCL13 or CXCL9 levels.

Since steroids can induce rapid regression of CNSL we
compared the CSF CXCL13 and CXCL9 levels of patients with
or without current or previous steroid treatment. Information
on the steroid medication could be obtained in 51/54 patients
with CNSL. Of those, 12 patients received steroids, 39 patients
did not. CXCL13 CSF levels were substantially lower in patients
with steroid intake [157.5 (6–18,292) pg/ml] than in those
without [616 (80–18,126) pg/ml], however, the difference was not
statistically significant (p = 0.077). Similarly, CXCL9 CSF levels
in patients treated with steroids were also lower, the difference
did not reach statistical significance [114 (0–10,676) pg/ml vs. 266
(0–3,347) pg/ml, p= 0.776].

Diagnostic Potential of CXCL13 and CXCL9
To evaluate the diagnostic potential of CXCL13 and CXCL9, we
assessed their diagnostic sensitivity and specificity. Respective
ROC curves are shown in Figure 2A. For CXCL13, the area under
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FIGURE 2 | (A) Diagnostic potential of CXCL13 and CXCL9. ROC-analysis of

all 155 patients with cerebral focal lesions for CXCL13 (red line) and CXCL9

(blue line). AUC, Area under curve. (B) Probabilities for CNSL predicted by the

logistic regression model. Each individual CXCL13 CSF level was transformed

to LOGC, logarithm of [CXCL13 (pg/ml) + 1]. For each transformed LOGC, the

linear predictor (LP) of the logistic regression model was calculated: LP =

−4.649 + 0.997 × LOGC. Finally, the probability of CNSL was estimated by p

= 1 / [1 + exp(−LP)]. CNSL, CNS lymphoma; CSF, Cerebrospinal fluid.

the ROC curve (AUC) was 0.948 [95% confidence interval (CI):
0.914; 0.982]. For CXCL9 it was 0.771 (0.693; 0.848).

Based on Youden’s index, we chose a diagnostic cut-off
CXCL13 CSF level of ≥80 pg/ml and a CXCL9-level of ≥36
pg/ml. At these cut-off levels, we found a sensitivity of 90.7%
(79.7; 96.9%), a specificity of 90.1% (82.5; 95.2%), and an OR of
89.18 (26.24; 335.86, p < 0.0001) for CXCL13. For CXCL9, the
sensitivity of 67.3% (52.9; 79.7%) and specificity of 82.2% (73.3;
89.1%) as well as the OR 9.49 (4.11; 22.12, p< 0.0001) were lower.

To further verify our approach in a more sophisticated
statistical strategy, we applied the minimal p-value approach.
Using this strategy, 80 pg/ml was confirmed as an ideal cut-
off for CXCL13. However, for CXCL9, 84 pg/ml (< vs. ≥)
was a slightly better alternative [sensitivity 61.5% (47.0; 74.7%),
specificity 87.1% (79.0; 93.0%), with maximumOR of 10.83 (95%

CI: 4.51; 26.42, p < 0.0001)]. In bootstrap resampling, 84 pg/ml
was most often chosen leading to less misclassified patients.
Table 2 summarizes the sensitivity, specificity and odds ratio
values of the two chemokines.

CXCL13 levels were elevated above the predetermined cut-
off of 80 pg/ml in 10 patients without CNSL: 2 patients with
PBT (glioblastoma); 5 patients with SBT and concomitant
meningeosis carcinomatosa deriving from breast (3) and non-
small cell lung cancer (NSCLC) (2); 2 AID patients (multiple
sclerosis); and 1 NID patient (septic emboli from bacterial
endocarditis and concomitant meningitis). CXCL9 was elevated
above the threshold of 84 pg/ml in 12 patients without CNSL:
1 patient with PBT (glioblastoma); 3 patients with SBT from
NSCLC (2) and melanoma (1); 4 AID patients (2 multiple
sclerosis, 1 neurosarcoidosis, 1 cerebral vasculitis); and 4
NID patients (1 progressive multifocal leukoencephalopathy,
1 cerebral toxoplasmosis, 2 aspergillomas). One patient with
multiple sclerosis and one patient with NSCLC and cerebral
metastases showed levels above the cut-off value for both
proteins. Five patients with active CNSL were below the cut-off
value of 80 pg/ml for CXCL13. Interestingly, all of them were
under steroid medication.

Diagnostic Potential of CXCL13 and
CXCL9—Logistic Regression Analysis
To further validate the diagnostic potential of CXCL13 and
CXL9, a logistic regression analysis was performed. CXCL13
outperformed the other prognostic variables (CXCL9, age, sex)
included in this model. With this respect, CXCL13 was always
included in 1,000 bootstrap samples when the best multiple
model was determined. In 99.2% of the cases, CXCL13 was
modeled as a first-degree fractional polynomial [predominantly
either “1/square root (CXCL13 + 1)” or “log (CXCL13 +

1)”]. Sex, CXCL9 (or any transformation), and age were rarely
included (only in 18.9, 6.0, and 36% of the cases respectively).

Besides CXCL13 [described as log (CXCL13 + 1)], no further
variable was significant. The odds ratio for log (CXCL13 + 1)
was 2.71 (95% CI: 1.99; 3.69). Therefore, the logistic regression
model allowed the probabilities for CNSL for individual CXCL13
levels to be predicted, as highlighted in Figure 2B. Applying
the transformation log (CXCL13 + 1) to the CXCL13 CSF
cut-off 80 pg/ml results in 4.39, with a predicted probability
of 43.3% (95% CI: 30.5; 57.0%). In the logistic model, the
estimate of the intercept was−4.649 (95% CI: −6.417; −3.332)
and the regression coefficient for log (CXCL13 + 1) was
0.997 (95% CI: 0.727; 1.352). The values of log (CXCL13 +

1) were grouped into seven groups (0, >0–2, >2–3, . . . , >7,
see Table 3). Within each group, the observed proportion of
patients with CNSL was calculated (column 6) together with the
corresponding 95% confidence interval. For the CXCL13 value
of each patient the expected proportion of CNSL was calculated
(Step 1 to 3, Table 3). Within the patients of each group, the
mean expected proportion of CNSL was estimated. The means
of all expected proportions lay within the 95% CI around the
observed proportions.
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TABLE 2 | Sensitivity, specificity and odds ratio for CXCL13 and CXCL9 in CNSL.

Marker Cut-off

-value

Sensitivity

(%)

Specificity

(%)

Odds ratio AUC p-value

CXCL13 80 pg/ml 90.7%

(79.7; 96.9%)

90.1%

(82.5; 95.1%)

89.2

(26.2; 335.9)

0.948

(0.914; 0.982)

p < 0.0001

CXCL9 36 pg/ml 67.3%

(52.9; 79.7%)

82.2%

(73.3; 89.1%)

9.5

(4.1; 22.1)

0.771

(0.693; 0.848)

p < 0.0001

84 pg/ml 61.5%

(47.0; 74.7%)

87.1%

(79.0; 93.0%)

10.8

(4.5; 26.4)

0.771

(0.693; 0.848)

p < 0.0001

TABLE 3 | Probabilities for CNSL calculated from logistic regression in dependence on CXCL13 CSF levels.

Groups defined

by log [CXCL13

(pg/ml) + 1]

values

Original

CXCL13

values

(pg/ml)§

Mean of estimated

probabilities of

CNSL (%)¶

Total number

of patients

(N)

Patients with

CNSL

(N)

Observed group

proportion with

CNSL (%)

95% confidence

interval for observed

proportion (%)$

0 0 0.9 54 0 0 0-6.7

>0–2 1–6 4.4 15 1 6.7 1.2-29.8

>2–3 7–19 10.2 16 1 6.3 1.1-28.3

>3–4.3 28–76 33.0 11 3 27.3 9.8-56.6

4.4–6 80–396 62.2 21 16 76.2 54.9-89.4

>6–7 425–987 84.9 19 16 84.2 62.4-94.5

>7 1,333–18,292 96.7 19 17 89.5 68.6-97.1

CNSL, CNS lymphoma; CSF, Cerebrospinal fluid.
§The ranges of the values correspond to the values actually observed in the groups, with the groups defined by the logarithm in column 1. The logarithm is always the natural logarithm

to the base of the mathematical constant.
¶Within each group, for each patient the probability of CNSL was estimated from the individual CXCL13 CSF level using the logistic regression model. Group intervals were defined by

log [CXCL13 (pg/ml) + 1].

Step 1: Each CXCL CSF value was transformed: LOGC, logarithm of [CXCL13 (pg/ml) + 1]. Step 2: For each transformed LOGC, the linear predictor (LP) of the logistic regression

model was calculated: LP = −4.649 + 0.997 × LOGC. Step 3: The probability of CNSL was estimated by p = 1/[1 + exp(-LP)]. Step 4: The mean of all probabilities in each group

was calculated.
$Confidence intervals in accordance with Wilson.

CXCL13 and CXCL9 as Parameters of
Disease Activity
In order to assess the potential of CXCL13 and CXCL9 tomonitor
disease activity, their CSF levels were compared in (1) active
CNSL (n = 54), (2) in patients who showed disease progress
under chemotherapy (PCNSL-P, n = 7), and (3) in patients
with complete remission after therapy (PCNSL-Rem, n = 22).
Compared to patients with active CNSL, CSF levels of CXCL13
and CXCL9 were significantly reduced in patients in complete
remission (Figures 3A,B).

Seventeen patients with active PCNSL were analyzed
before and after the completion of 6 cycles of MTX-based
polychemotherapy, all of them had confirmed complete
remission (Figures 3C,D). Both chemokines significantly
decreased after therapy: CXCL13 CSF levels dropped from 616
(1–7,007) pg/ml to 4 (0–205) pg/ml (p = 0.0054), CXCL9 CSF
levels decreased from 269 (0–2,379) pg/ml to 0 (0–423) pg/ml
(p < 0.0001). Figure 3E shows MRI images of the CNSL brain
lesion of a representative patient upon initial diagnosis until
after remission.

In a final step, the potential of the two chemokines as
prognostic biomarkers was assessed. Of the 46 patients with
active PCNSL who were included in our study, survival

data was obtained from 39 patients. We analyzed relapse-
free survival during a follow-up period of 2 years. The
minimal p-value approach did not reveal any stable cut-off
for either chemokine (data not shown). Since a cut-off for
CXCL13 at 200 pg/ml has been related to inferior outcome
previously (18), it was applied in our data set to explore
its performance (Supplementary Figure 2). We did not find a
significant difference in the relapse-free survival between patients
with CXCL13 values above and below the cut-off [hazard ratio
HR= 1.92 (0.72–5.12), p= 0.184]. The corresponding sensitivity
and specificity for this cut-off were 77.8 and 95.0%, respectively.

DISCUSSION

Diagnostic delay and concomitant neurologic deterioration are
still a problem for CNSL patients and there is an unmet need
for diagnostic tests with a high diagnostic yield and limited
risk, minimizing the time until initiation of treatment. Here
we report the results of a prospective, monocentric study on
the potential of CXCL13 and CXCL9 as CSF biomarkers for
CNSL. We could show that both proteins are significantly
elevated in the CSF of patients with CNSL when compared
with patients with CNS lesions of other origin. Detailed analysis
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FIGURE 3 | CXCL13 and CXCL9 as disease monitoring and prognostic markers. (A,B) CXCL13 and CXCL9 CSF levels were compared between patients with

newly-diagnosed PCNSL (PCNSL-ND), PCNSL in relapse (PCNSL-R), PCNSL with disease progress during therapy (PCNSL-P), and PCNSL in remission

(PCNSL-Rem). The dotted line in each diagram depicts the detection limit of each chemokine. Values below the detection limit were counted as 0 for calculation

processes but were assigned different values in the diagram for better visualization of the number of probes below the limit. (C,D) CXCL13 and CXCL9 CSF levels

were compared in patients with PCNSL before and after 6 cycles of chemotherapy, where the disease was declared to be in remission by MRI and CSF withdrawal.

(E) MRI images of a patient with CNSL upon initial diagnosis (left), remission after 6 cycles of chemotherapy (middle), and long-term remission 3 years later (right).

revealed that CXCL13 has a superior diagnostic potential
and the additional analysis of CXCL9 showed no additional
benefit. Interestingly, both markers dropped in response to

PCNSL therapy. Furthermore, at relapse, CSF levels were
significantly elevated, indicating that serial assessment may allow
disease monitoring.
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CXCL13 is crucial for the homing and motility of B cells
in lymphoid tissue and has been implicated in the formation
of ectopic lymphoid tissue in chronic inflammation and cancer
(26, 27). CXCL13 expression by malignant B cells in CNSL was
first reported by Smith et al. (28) and was since reproduced by
other groups (29–31). To date, four studies analyzed CXCL13
CSF levels as biomarkers in CNS lymphoma. A retrospective
study compared CSF CXCL13 levels of 30 patients with CNSL
patients to 40 control patients with and without other CNS
malignancies (32). Significantly higher CSF CXCL13 levels were
documented in patients with CNSL compared to control patients;
however, no data on the diagnostic accuracy was reported. A
second retrospective study also showed significantly higher CSF
CXCL13 levels in patients with CNSL and an excellent diagnostic
accuracy (AUC: 0.981), however no data on sensitivity/specificity
and cut-off value were reported (33). Rubenstein et al. has
published a large, multicentric retrospective study on CSF
CXCL13 and CSF IL10 levels. 220 patients were included (83
patients with CNSL and 137 relevant disease controls). The
authors report a sensitivity of 69.9% and a specificity of 92.7% in
the discrimination of CNSL for an increased CSF CXCL13 level
> 90 pg/ml (18). A monocentric retrospective study analyzed
the combined diagnostic performance of CSF CXCL13, CSF IL-
10 and the apparent diffusion coefficient (ADC) on cerebral
magnetic resonance imaging (cMRI) for 43 CNSL and 44 relevant
disease controls (19). A sensitivity of 76.7% and a specificity
of 90.9% was reported for CSF CXCL13 at a cut-off value of
>103 pg/ml. In our study, we could further substantiate the
diagnostic utility of elevated CXCL13 CSF levels in a prospective
consecutive setting. Based on our data, a cut-off level of 80 pg/ml
was used, which, with a considerable sensitivity of 90.7% and
specificity of 90.1%, discriminates CNSL from cerebral lesions
of infectious, inflammatory, and malignant origin. Investigating
the logarithmic transformation of CXCL13 CSF levels in a logistic
regression model, we found that 80 pg/ml defined a real turning
point (Figure 3 and Table 3). With values lower than the cut-
off, the proportion of patients with CNSL were distinctively
lower than in groups with CXCL13 CSF levels higher than
the cut-off.

However, elevated CSF levels of CXCL13 have been
described for certain neuroinfectious conditions such as
neuroborreliosis and neurosyphilis (34, 35). In the case of
neuroborreliosis, intracranial lesions do not usually occur
and it therefore does not represent a relevant differential
diagnosis of PCNSL. Nevertheless, in patients with suspected
meningeosis lymphomatosa without intracerebral lesion,
differentiation of CNSL and neuroinfectious diseases solely
by CXCL13 may not be sufficient and thus further diagnostics
are necessary for a definite diagnosis. In addition, some
malignancies such as breast, lung, and renal cancer, as well
as melanoma can express CXCL13 (36–38). Similarly to
our observation, particularly cerebrally metastasized breast
cancer with meningeosis carcinomatosa may result in high
CXCL13 CSF levels in up to 50% of cases (18), precluding a
reliable differentiation from PCNSL on the basis of the CSF
analysis alone.

Furthermore, CXCL13 levels cannot differentiate between
primary and secondary CNS lymphoma. Thus, extensive
standard staging diagnosis (i.e., computed tomography of the
chest, abdomen, and pelvis, ultrasonography of the testes, and
bone marrow biopsy) must still be performed to rule out
systemic involvement.

In our preliminary screening tests, we identified a potential
novel CSF biomarker for PCNSL, the inflammatory chemokine
CXCL9. CXCL9 has been previously reported to be transcribed
and translated by perivascular macrophages and pericytes in
the perivascular microenvironment of CNSL, where it may
support the recruitment of tumor-infiltrating lymphocytes (39).
Its sensitivity and specificity (with cut-off 84: 61.5 and 87.1%,
respectively), however, were considerably lower than those of
CXCL13. The cut-off 36 was basically as good as 84 which
means that we could not find a cut-off that was as clear-cut
as it was found for CXCL13. Unlike CXCL13 (28), CXCL9 is
not produced by malignant B-cells (39). Therefore, we did not
observe an association with meningeosis. Moreover, CXCL9 is
produced in endothelial cells in CNS in healthy individuals
(40) and is upregulated in other lesional CNS diseases such as
autoimmune and neuroinfectious diseases (41). This may explain
why a reliable differentiation of these conditions was not always
possible in our study.

Tumors such as colorectal and cholangiocarcinoma also
express CXCL9 (42, 43). In our study, we also found elevated
CSF-levels in a patient with metastasic NSCLC and in a
melanoma patient.

Beside their diagnostic potential, CXCL13 and CXCL9 were
tested for their performance as prognostic biomarkers. Both
cytokines have been identified as negative predictors of survival
in CNSL and other tumor types such as colorectal carcinoma
(18, 44, 45). In our monocentric study, no significant cut-off
for CXCL13 and CXCL9 could be calculated, probably due
to the low number of CNSL patients. Since a cut-off of 200
pg/dl for CXCL13 has previously been shown to predict poor
survival (18), we tested it in our population. Although lower
levels showed a trend for a better survival, this difference
was not statistically significant. However, further multicentric
studies including larger patient cohorts should be performed to
determine and validate an optimal prognostic cut-off.

Interestingly, response to therapy was accompanied by a
drastic reduction of CXCL13 and CXCL9 CSF levels, indicating
that both cytokines may serve as biomarkers to monitor
the therapy.

In conclusion, this prospective monocentric study confirms
that CXCL13 has the potential to become an essential
clinical tool in the diagnosis and the disease monitoring of
CNSL. Furthermore, we show that CXCL9 may serve as a
potential diagnostic marker for CNSL albeit its diagnostic
performance is not as good as the diagnostic performance
of CXCL13.

As several other potential biomarkers in CSF for CNSL have
been identified to date, it would be interesting to evaluate in
future studies which combination of different biomarkers allows
CNSL to be diagnosed with the highest accuracy.

Frontiers in Neurology | www.frontiersin.org 8 March 2021 | Volume 12 | Article 654543

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Masouris et al. CXCL13 and CXCL9 Biomarkers in CNS Lymphoma

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of the Ludwig Maximilians
University, Munich, Germany. The patients/participants
provided their written informed consent to participate in
this study. Written informed consent was obtained from the
individual(s) for the publication of any potentially identifiable
images or data included in this article.

AUTHOR CONTRIBUTIONS

LV and UK designed the study. IM, BA, UK, and SL
performed the experiments. IM, LV, MH, MD, UK, and AS

were involved in recruitment of patients. MH, LV, and IM
collected the clinical data. UK, IM, LV, KM, and MP did the
statistical analysis. IM and LV wrote the first draft of the
paper. UK, IM, KM, and MP co-wrote the manuscript. All
authors discussed the results, reviewed, and commented on
the manuscript.

FUNDING

This work was supported by the Else Kröner Fresenius
Stiftung (2011_A154) and by the Bavarian Gender Equality
Grant of Ludwig Maximilian University (Bayerische
Gleichstellungsförderung der LMU).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.654543/full#supplementary-material

REFERENCES

1. Shiels MS, Pfeiffer RM, Besson C, Clarke CA, Morton LM, Nogueira L, et al.
Trends in primary central nervous system lymphoma incidence and survival
in the U.S. Br J Haematol. (2016) 174:417–24. doi: 10.1111/bjh.14073

2. Louis DN, Perry A, Reifenberger G, von DA, Figarella-Branger D, Cavenee
WK, et al. The 2016 world health organization classification of tumors of the
central nervous system: a summary. Acta Neuropathol. (2016) 131:803–20.
doi: 10.1007/s00401-016-1545-1

3. Hoang-Xuan K, Bessell E, Bromberg J, Hottinger AF, PreusserM, Ruda R, et al.
Diagnosis and treatment of primary CNS lymphoma in immunocompetent
patients: guidelines from the European Association for Neuro-Oncology.
Lancet Oncol. (2015) 16:e322–32. doi: 10.1016/S1470-2045(15)00076-5

4. Mendez JS, Grommes C. Treatment of primary central nervous system
lymphoma: from chemotherapy to small molecules. Am Soc Clin Oncol Educ

Book. (2018) 38:604–15. doi: 10.1200/EDBK_200829
5. Haldorsen IS, Espeland A, Larsen JL, Mella O. Diagnostic delay in

primary central nervous system lymphoma. Acta Oncol. (2005) 44:728–34.
doi: 10.1080/02841860500256272

6. Zhang D, Hu LB, Henning TD, Ravarani EM, Zou LG, Feng XY, et al. MRI
findings of primary CNS lymphoma in 26 immunocompetent patients.Korean
J Radiol. (2010) 11:269–77. doi: 10.3348/kjr.2010.11.3.269

7. Jimenez de la Pena MD, Vicente LG, Alonso RC, Cabero SF, Suarez AM, de
Vega VM. Themultiple faces of nervous system lymphoma. Atypical magnetic
resonance imaging features and contribution of the advanced imaging. Curr
Probl Diagn Radiol. (2017) 46:136–45. doi: 10.1067/j.cpradiol.2016.04.004

8. Morell AA, Shah AH, Cavallo C, Eichberg DG, Sarkiss CA, Benveniste R, et al.
Diagnosis of primary central nervous system lymphoma: a systematic review
of the utility of CSF screening and the role of early brain biopsy. Neurooncol
Pract. (2019) 6:415–23. doi: 10.1093/nop/npz015

9. Kreth FW, Muacevic A, Medele R, Bise K, Meyer T, Reulen HJ.The risk
of haemorrhage after image guided stereotactic biopsy of intra-axial brain
tumours–a prospective study. Acta Neurochir (Wien). (2001) 143:539–45.
doi: 10.1007/s007010170058

10. Onder E, Arikok AT, Onder S, Han U, Sorar M, Kertmen H, et al.
Corticosteroid pre-treated primary CNS lymphoma: a detailed analysis of
stereotactic biopsy findings and consideration of interobserver variability. Int
J Clin Exp Pathol. (2015) 8:7798–808.

11. Song Y, Zhang W, Zhang L, Wu W, Zhang Y, Han X, et al. Cerebrospinal
fluid IL-10 and IL-10/IL-6 as accurate diagnostic biomarkers for primary
central nervous system large B-cell lymphoma. Sci Rep. (2016) 6:38671.
doi: 10.1038/srep38671

12. Thaler FS, Laurent SA, Huber M, Mulazzani M, Dreyling M, Kodel
U, et al. Soluble TACI and soluble BCMA as biomarkers in primary
central nervous system lymphoma. Neuro Oncol. (2017) 19:1618–87.
doi: 10.1093/neuonc/nox097

13. Viaccoz A, Ducray F, Tholance Y, Barcelos GK, Thomas-Maisonneuve
L, Ghesquieres H, et al. CSF neopterin level as a diagnostic marker in
primary central nervous system lymphoma.Neuro Oncol. (2015) 17:1497–503.
doi: 10.1093/neuonc/nov092

14. Mulazzani M, HuberM, Borchard S, Langer S, Angele B, Schuh E, et al. APRIL
and BAFF: novel biomarkers for central nervous system lymphoma. J Hematol

Oncol. (2019) 12:102. doi: 10.1186/s13045-019-0796-4
15. Baraniskin A, Kuhnhenn J, Schlegel U, Schmiegel W, Hahn S, Schroers R.

MicroRNAs in cerebrospinal fluid as biomarker for disease course monitoring
in primary central nervous system lymphoma. J Neurooncol. (2012) 109:239–
44. doi: 10.1007/s11060-012-0908-2

16. Rimelen V, Ahle G, Pencreach E, Zinniger N, Debliquis A, Zalmai L, et al.
Tumor cell-free DNA detection in CSF for primary CNS lymphoma diagnosis.
Acta Neuropathol Commun. (2019) 7:43. doi: 10.1186/s40478-019-0692-8

17. van WA, Smidt LCA, Seute T, Nierkens S, Stork ACJ, Minnema MC, et al.
Diagnostic markers for CNS lymphoma in blood and cerebrospinal fluid: a
systematic review. Br J Haematol. (2018) 182:384–403. doi: 10.1111/bjh.15410

18. Rubenstein JL, Wong VS, Kadoch C, Gao HX, Barajas R, Chen L, et al.
CXCL13 plus interleukin 10 is highly specific for the diagnosis of CNS
lymphoma. Blood. (2013) 121:4740–48. doi: 10.1182/blood-2013-01-476333

19. Mabray MC, Barajas RF, Villanueva-Meyer JE, Zhang CA, Valles FE,
Rubenstein JL, et al. The combined performance of ADC, CSF CXC
chemokine ligand 13, and CSF interleukin 10 in the diagnosis of central
nervous system lymphoma. AJNR Am J Neuroradiol. (2016) 37:74–9.
doi: 10.3174/ajnr.A4450

20. Ferreri AJ, Reni M. Establishing a prognostic score for primary
CNS lymphomas. Int J Radiat Oncol Biol Phys. (2005) 61:303–4.
doi: 10.1016/j.ijrobp.2004.09.053

21. Abrey LE, Ben-Porat L, Panageas KS, Yahalom J, Berkey B, Curran W,
et al. Primary central nervous system lymphoma: the Memorial Sloan-
Kettering Cancer Center prognostic model. J Clin Oncol. (2006) 24:5711–5.
doi: 10.1200/JCO.2006.08.2941

22. Royston P, Sauerbrei W.Multivariable Model-Building: A Pragmatic Approach

to Regression Analysis Based on Fractional Polynomials for Continuous

Variables. Chichester: John Wiley & Sons (2008).
23. Altman DG, Lausen B, Sauerbrei W, Schumacher M. Dangers of using

“optimal” cutpoints in the evaluation of prognostic factors. J Natl Cancer Inst.
(1994) 86:829–35. doi: 10.1093/jnci/86.11.829

Frontiers in Neurology | www.frontiersin.org 9 March 2021 | Volume 12 | Article 654543

https://www.frontiersin.org/articles/10.3389/fneur.2021.654543/full#supplementary-material
https://doi.org/10.1111/bjh.14073
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1016/S1470-2045(15)00076-5
https://doi.org/10.1200/EDBK_200829
https://doi.org/10.1080/02841860500256272
https://doi.org/10.3348/kjr.2010.11.3.269
https://doi.org/10.1067/j.cpradiol.2016.04.004
https://doi.org/10.1093/nop/npz015
https://doi.org/10.1007/s007010170058
https://doi.org/10.1038/srep38671
https://doi.org/10.1093/neuonc/nox097
https://doi.org/10.1093/neuonc/nov092
https://doi.org/10.1186/s13045-019-0796-4
https://doi.org/10.1007/s11060-012-0908-2
https://doi.org/10.1186/s40478-019-0692-8
https://doi.org/10.1111/bjh.15410
https://doi.org/10.1182/blood-2013-01-476333
https://doi.org/10.3174/ajnr.A4450
https://doi.org/10.1016/j.ijrobp.2004.09.053
https://doi.org/10.1200/JCO.2006.08.2941
https://doi.org/10.1093/jnci/86.11.829
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Masouris et al. CXCL13 and CXCL9 Biomarkers in CNS Lymphoma

24. Davison A, Hinkley D. Bootstrap Methods and Their Application. Cambridge:
Cambridge University Press (1994).

25. Nguyen-Them L, Costopoulos M, Tanguy ML, Houillier C, Choquet S,
Benanni H, et al. The CSF IL-10 concentration is an effective diagnostic
marker in immunocompetent primary CNS lymphoma and a potential
prognostic biomarker in treatment-responsive patients. Eur J Cancer. (2016)
61:69–76. doi: 10.1016/j.ejca.2016.03.080

26. Ansel KM, Harris RB, Cyster JG. CXCL13 is required for B1 cell homing,
natural antibody production, and body cavity immunity. Immunity. (2002)
16:67–76. doi: 10.1016/S1074-7613(01)00257-6

27. Hussain M, Adah D, Tariq M, Lu Y, Zhang J, Liu J. CXCL13/CXCR5 signaling
axis in cancer. Life Sci. (2019) 227:175–86. doi: 10.1016/j.lfs.2019.04.053

28. Smith JR, Braziel RM, Paoletti S, Lipp M, Uguccioni M, Rosenbaum
JT. Expression of B-cell-attracting chemokine 1 (CXCL13) by malignant
lymphocytes and vascular endothelium in primary central nervous system
lymphoma. Blood. (2003) 101:815–21. doi: 10.1182/blood-2002-05-1576

29. Brunn A, Montesinos-Rongen M, Strack A, Reifenberger G, Mawrin C,
Schaller C, et al. Expression pattern and cellular sources of chemokines
in primary central nervous system lymphoma. Acta Neuropathol. (2007)
114:271–6. doi: 10.1007/s00401-007-0258-x

30. Tun HW, Personett D, Baskerville KA, Menke DM, Jaeckle KA, Kreinest P,
et al. Pathway analysis of primary central nervous system lymphoma. Blood.
(2008) 111:3200–10. doi: 10.1182/blood-2007-10-119099

31. Sugita Y, Terasaki M, Nakashima S, Ohshima K, Morioka M, Abe
H. Perivascular microenvironment in primary central nervous system
lymphomas: the role of chemokines and the endothelin B receptor. Brain
Tumor Pathol. (2015) 32:41–8. doi: 10.1007/s10014-014-0206-0

32. Fischer L, Korfel A, Pfeiffer S, Kiewe P, Volk HD, Cakiroglu H, et al. CXCL13
and CXCL12 in central nervous system lymphoma patients. Clin Cancer Res.
(2009) 15:5968–73. doi: 10.1158/1078-0432.CCR-09-0108

33. Maeyama M, Sasayama T, Tanaka K, Nakamizo S, Tanaka H, Nishihara M,
et al. Multi-marker algorithms based on CXCL13, IL-10, sIL-2 receptor, and
Î²2-microglobulin in cerebrospinal fluid to diagnose CNS lymphoma. Cancer
Med. (2020) 9:4114–25. doi: 10.1002/cam4.3048

34. Rupprecht TA, Plate A, Adam M, Wick M, Kastenbauer S, Schmidt C, et al.
The chemokine CXCL13 is a key regulator of B cell recruitment to the
cerebrospinal fluid in acute Lyme neuroborreliosis. J Neuroinflammation.
(2009) 6:42. doi: 10.1186/1742-2094-6-42

35. Schmidt C, Plate A, Angele B, Pfister HW, Wick M, Koedel U, et al. A
prospective study on the role of CXCL13 in Lyme neuroborreliosis.Neurology.
(2011) 76:1051–8. doi: 10.1212/WNL.0b013e318211c39a

36. Singh R, Gupta P, Kloecker GH, Singh S, Lillard JW, Jr. Expression and clinical
significance of CXCR5/CXCL13 in human nonsmall cell lung carcinoma. Int J
Oncol. (2014) 45:2232–40. doi: 10.3892/ijo.2014.2688

37. Bogunovic D, O’Neill DW, Belitskaya-Levy I, Vacic V, Yu YL, Adams S, et al.
Immune profile and mitotic index of metastatic melanoma lesions enhance

clinical staging in predicting patient survival. Proc Natl Acad Sci USA. (2009)
106:20429–34. doi: 10.1073/pnas.0905139106

38. Panse J, Friedrichs K, Marx A, Hildebrandt Y, Luetkens T, Barrels K, et al.
Chemokine CXCL13 is overexpressed in the tumour tissue and in the
peripheral blood of breast cancer patients. Br J Cancer. (2008) 99:930–8.
doi: 10.1038/sj.bjc.6604621

39. Venetz D, Ponzoni M, Schiraldi M, Ferreri AJ, Bertoni F, Doglioni C, et al.
Perivascular expression of CXCL9 and CXCL12 in primary central nervous
system lymphoma: T-cell infiltration and positioning of malignant B cells. Int
J Cancer. (2010) 127:2300–12. doi: 10.1002/ijc.25236

40. Salmaggi A, Gelati M, Dufour A, Corsini E, Pagano S, Baccalini R, et al.
Expression and modulation of IFN-gamma-inducible chemokines (IP-10,
Mig, and I-TAC) in human brain endothelium and astrocytes: possible
relevance for the immune invasion of the central nervous system and the
pathogenesis of multiple sclerosis. J Interferon Cytokine Res. (2002) 22:631–40.
doi: 10.1089/10799900260100114

41. Lepennetier G, Hracsko Z, Unger M, Van GM, Grummel V, Krumbholz
M, et al. Cytokine and immune cell profiling in the cerebrospinal fluid
of patients with neuro-inflammatory diseases. J Neuroinflammation. (2019)
16:219. doi: 10.1186/s12974-019-1601-6

42. Fukuda Y, Asaoka T, Eguchi H, Yokota Y, Kubo M, Kinoshita M, et al.
Endogenous CXCL9 affects prognosis by regulating tumor-infiltrating natural
killer cells in intrahepatic cholangiocarcinoma. Cancer Sci. (2020) 111:323–33.
doi: 10.1111/cas.14267

43. Li X, Zhong Q, Luo D, Du Q, Liu W. The prognostic value of CXC subfamily
ligands in stage I-III patients with colorectal cancer. PLoS ONE. (2019)
14:e0214611. doi: 10.1371/journal.pone.0214611

44. Qi XW, Xia SH, Yin Y, Jin LF, Pu Y, Hua D, et al. Expression features of CXCR5
and its ligand, CXCL13 associated with poor prognosis of advanced colorectal
cancer. Eur Rev Med Pharmacol Sci. (2014) 18:1916–24.

45. Mir MA, Maurer MJ, Ziesmer SC, Slager SL, Habermann T, Macon WR,
et al. Elevated serum levels of IL-2R, IL-1RA, and CXCL9 are associated
with a poor prognosis in follicular lymphoma. Blood. (2015) 125:992–8.
doi: 10.1182/blood-2014-06-583369

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Masouris, Manz, Pfirrmann, Dreyling, Angele, Straube, Langer,

Huber, Koedel and Von Baumgarten. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 10 March 2021 | Volume 12 | Article 654543

https://doi.org/10.1016/j.ejca.2016.03.080
https://doi.org/10.1016/S1074-7613(01)00257-6
https://doi.org/10.1016/j.lfs.2019.04.053
https://doi.org/10.1182/blood-2002-05-1576
https://doi.org/10.1007/s00401-007-0258-x
https://doi.org/10.1182/blood-2007-10-119099
https://doi.org/10.1007/s10014-014-0206-0
https://doi.org/10.1158/1078-0432.CCR-09-0108
https://doi.org/10.1002/cam4.3048
https://doi.org/10.1186/1742-2094-6-42
https://doi.org/10.1212/WNL.0b013e318211c39a
https://doi.org/10.3892/ijo.2014.2688
https://doi.org/10.1073/pnas.0905139106
https://doi.org/10.1038/sj.bjc.6604621
https://doi.org/10.1002/ijc.25236
https://doi.org/10.1089/10799900260100114
https://doi.org/10.1186/s12974-019-1601-6
https://doi.org/10.1111/cas.14267
https://doi.org/10.1371/journal.pone.0214611
https://doi.org/10.1182/blood-2014-06-583369
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	CXCL13 and CXCL9 CSF Levels in Central Nervous System Lymphoma—Diagnostic, Therapeutic, and Prognostic Relevance
	Introduction
	Materials and Methods
	Patients
	Processing of CSF and Serum Samples
	Protein-Array
	ELISA
	Magnetic Resonance Imaging
	Statistics

	Results
	CXCL13 and CXCL9 CSF Levels Are Elevated in Active CNSL
	Diagnostic Potential of CXCL13 and CXCL9
	Diagnostic Potential of CXCL13 and CXCL9—Logistic Regression Analysis
	CXCL13 and CXCL9 as Parameters of Disease Activity

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


