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1 | INTRODUCTION

Central nervous system lymphoma (CNS lymphoma) is an
aggressive extranodal non-Hodgkin lymphoma (NHL) and
is found in approximately 4% of all brain tumors." With the
aging of society and the spread of immunosuppressants and
anticancer drugs, the number of patients has increased in the
past few decades.” Treatments using high-dose methotrexate
(MTX) have produced acceptable responses in CNS lym-
phoma patients, and combined modality therapy has led to
response rates of 80%-90%. However, CNS lymphoma has a
worse prognosis than other extranodal NHLs."

Tumors frequently occur in the corpus callosum, cer-
ebellum, and in the cerebral white matter near the lateral
ventricles.> As the tumors are highly cellular and have de-
creased water content, magnetic resonance imaging (MRI)
T2-weighted images show shortening and have a relatively
low signal intensity and diffusion-weighted imaging show
high signal intensity.” MR spectroscopy of myoinositol may
be useful for distinguishing CNS lymphoma from gliomas.4
However, CNS lymphomas can simulate other brain diseases,
such as metastatic tumor and glioma. Thus, diagnosing CNS
lymphoma by radiographic appearance remains challenging.

Tumor biopsy is needed to confirm the diagnosis of CNS
lymphoma. However, the biopsy procedure has a certain
rate of complications such as bleeding.5 Cytology of cere-
brospinal fluid (CSF) is a less invasive procedure; however,
these are only positive in cases of leptomeningeal involve-
ment. Several useful diagnostic biomarker proteins in the
CSF were recently reported to aid in the diagnosis of CNS
lymphoma. CSF soluble IL-2 receptor (sIL-2R), f2-micro-
globulin (B2-MG), and interleukin-10 (IL-10) are known to
be useful diagnostic biomarkers.” Rubinstein et al reported
good diagnostic accuracy for C-X-C motif chemokine ligand
13 (CXCL13) in CSF of CNS lymphoma in a recent large-
scale study.10

CXCLI13 is strongly expressed in the follicles of the
spleen and lymph nodes, and promotes the migration of
B-lymphocytes.11 CXCL13 stimulates CXCRS5 (C-X-C
chemokine receptor type 5) expressed in B-lymphocytes,
therefore functions in the homing of B-lymphocytes to fol-
licles. Three studies analyzed CXCL13 as a marker in CNS
lymphoma. A relatively small study (n = 70) showed a sig-
nificant difference in the CXCL13 levels between CNS
lymphoma patients and control.'? A relatively large study
(n = 220) showed a high specificity of CSF CXCL13 level,
and the combination of CXCL13 and IL-10 is highly useful
for the diagnosis of CNS lymphoma. 10 Another study (n = 87)
showed the combined diagnostic performance of CXCL13,
IL-10, and the apparent diffusion coefficient (ADC) on brain
MRI."

This study established useful CSF multi-marker prediction
algorithms to diagnose CNS lymphoma. We first evaluated
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the diagnostic utility of CSF CXCL13 in patients with CNS
lymphomas. We then used a logistic regression model to con-
struct multi-marker prediction algorithms based on four CSF
markers of CXCL13, IL-10, f2-MG, and sIL-2R using 143
case-control study patients. Next, we validated the diagnostic
performance of the multi-marker prediction algorithms ap-
plied to the patients in a prospective study. We confirmed
that CSF CXCL13 is a useful diagnostic marker for patients
with CNS lymphomas. The multi-marker prediction algo-
rithms based on CSF CXCL13, IL-10, sIL-2R, and p2-MG
had excellent diagnostic performance with high sensitivity
and specificity. Our study suggests that the CSF multi-marker
prediction algorithm can help diagnose CNS lymphoma with
surgical difficulties and be used for treatment planning.

2 | MATERIALS AND METHODS
2.1 | Case-control study (January
2004 ~ December 2015)

To evaluate the diagnostic ability of the CSF CXCL13 lev-
els in patients with CNS lymphomas, 248 patients treated
at the Department of Neurosurgery of the Kobe University
from January 2004 to December 2015 were retrospectively
examined. The patients included 66 CNS lymphoma cases
and 182 controls: 66 cases of primary central nervous system
lymphoma (PCNSL), 59 cases of glioblastomas (GBMs), 36
cases of other gliomas, 17 cases of germ cell tumors, 13 cases
of metastatic brain tumors, 14 cases of other tumors, 14 cases
of multiple sclerosis, 10 cases of idiopathic normal pressure
hydrocephalus (iNPH), and 19 cases of other brain diseases.
Detailed patient data are shown in Table S1. To generate the
multi-marker diagnostic algorithms for CNS lymphoma, IL-
10, sIL-2R, and p2-MG in CSF were measured in 143 patients
in the case-control study in addition to CXCL13 (Table S1).
All of the CSF samples were preoperatively drawn from the
patients by lumbar puncture after informed consent was ob-
tained and stored at —70°C. This study was approved by the
ethical review board of our institution (No. 1312).

2.2 | Prospective study for multi-
marker diagnostic algorithms (January
2016 ~ December 2018)

To verify the diagnostic ability of the multi-marker pre-
dictive algorithms based on the results of the case-control
study, we conducted a prospective study at the Department
of Neurosurgery of the Kobe University from January 2016
through December 2018. The patients who were preopera-
tively suspected of having CNS lymphomas by MRI were
included. Patients with symptoms of increasing intracranial
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pressure were excluded because of a risk of lumber punc-
ture. In addition, patients with severe brain shift because of
tumor and/or peritumoral edema were also excluded. A total
of 104 patients were enrolled in this study. To examine the
CSF samples, the patients underwent lumbar puncture after
informed consent was obtained and their CXCL13, IL-10,
B2-MG, and sIL-2R levels were preoperatively analyzed in
combination with routine biochemical examinations includ-
ing protein and lactate dehydrogenase. Serum samples were
also obtained from 67 patients. For the pathological diagno-
sis, brain biopsies or tumor removals were performed after
CSF examination. This prospective study was approved by
the ethical review board of our institution (No. B190031).

2.3 | Measurement of CXCL13, IL-10, §2-
MG, and sIL-2R in CSF and serum

The CSF and blood samples were immediately centrifuged
and stored at —70°C. The CSF and serum concentration of
CXCL13 were measured using a Human BLC ELISA Kit
(ELH-BLC-1; RayBiotech Life) and plate reader (Skanlt
3.1 for Multiskan FC; Thermo Fisher Scientific). The CSF
concentration of IL-10 was measured using a human IL-10
ELISA kit (KHCO0101; Life Technologies) and a plate reader
(Emax; Molecular Devices at an SRL company (SRL). The
CSF concentration of sIL-2R was measured using a sandwich
ELISA test kit (CellfreeN IL-2R, Kyowa Medex Co., Ltd.) in
a fully automated EIA analytical instrument (AP-X, Kyowa
Medex Co., Ltd.) at an SRL company (SRL). The CSF con-
centration of f2-MG was measured using a latex agglutina-
tion turbidimetric immunoassay. The limits of the tests for
the quantification of CXCL13, IL-10, sIL-2R, and p2-MG
levels were 1 pg/mL, 2 pg/mL, 50 U/mL, and 200 pg/L,
respectively.

2.4 | Immunohistochemistry of
CXCL13 and CXCRS5

Antibodies to CXCL13 and CXCRS were purchased from
Boster Biological Technology and Abcam. Archived paraffin
blocks from the department of pathology of our hospital were
used. The sections were heated in 0.01 mol/L citrate buffer
(pH 6.0) for 15 min by autoclaving (121°C, 2 atm).

2.5 | Survival analyses of the
PCNSL patients

There are a total of 93 patients with PCNSL; the case-con-
trol study had 66 patients and the prospective study had 27
patients. For the survival analysis, we selected the newly

diagnosed patients with PCNSL treated with chemotherapy
and/or radiotherapy. Thirty patients were excluded and 63
patients were analyzed. Of the 63 patients with PCNSL,
high-dose MTX-based chemotherapy + radiotherapy (RT)
was administered to 49 patients. MTX (3-6 g/mz) was ad-
ministered as an intravenous infusion over 4 hours. MTX-
based chemotherapy was administered for 1-4 cycles in each
patient. In whole brain irradiation, both eyes were included
in the RT field, and the radiation dose was typically 36 Gy
(1.8 Gy X 20 fractions). The boost irradiation dose for the
tumor was 10-20 Gy. Follow-up MRI scans were conducted
every 3-6 months or if clinically necessary. Progression-free
survival (PFS) was determined from the onset of treatment
until relapse, disease progression, or the last follow-up evalu-
ation. Overall survival (OS) was determined from the onset
of treatment until the last follow-up evaluation or death from
any cause.

2.6 | Establishment of multi-marker
predictive models

The CSF data from 143 patients examining all four markers
(CXCL13, IL-10, p2-MG, and sIL-2R) of the case-control
study were used to establish the multi-marker predictive al-
gorithms. Logistic regression analysis was applied to gener-
ate the diagnostic algorithms and obtain the best sensitivity/
specificity to predict disease presence. The coefficient of de-
termination (R?) was used to measure how close the data were
to the fitted regression line. Akaike information criterion
(AIC), the Bayesian information criterion (BIC), and root
mean squared error (RMSE) were used as measures of lack
of fit (lower values indicated better fit) and the area under the
ROC curve (AUC) was used as a discrimination measure. The
AIC and BIC penalized model complexity, favoring simpler
models, while the RMSE and AUC focused on the predictive
ability itself, favoring more complex models. To evaluate the
diagnostic ability of the multi-marker predictive algorithms
indicated as best according to the aforementioned indexes
(AIC, BIC, RMSE, and AUC), the sensitivity and specificity
terms were provided. The logistic regression analyses were
conducted using JMP 11 statistical software (JMP Institute).
All of the analyses were supported by biostatisticians at the
Kobe university clinical and translational research center.

2.7 | Evaluation of the multi-marker
diagnostic models

To evaluate the multi-marker diagnostic models obtained
from the results of the case-control study, we fitted them to
the prospective study patients. The optimal threshold for dis-
crimination of CNS lymphoma from other diseases was 0.50,
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meaning that a patient with a higher score was considered to
have CNS lymphoma and a patient with a score lower than
0.50 was considered to not have CNS lymphoma. The sensi-
tivity and specificity were calculated in the prospective study
patients using this cutoff value of 0.5.

2.8 | Statistical analysis

The Mann-Whitney U-test was used to analyze the differ-
ences between the two groups. Receiver operating character-
istic (ROC) curves were created and the area under the curve
(AUC) was calculated to evaluate the diagnostic accuracy.
Survival was estimated using Cox's proportional hazards
model and the Kaplan-Meier method, and the significance
was determined using the log-rank and Wilcoxon's test. A
P < .05 was considered statistically significant. The statis-
tical analysis was conducted using JMP 11 software (JMP
Institute). All of the analyses were supported by biostatis-
ticians at the Kobe university clinical and translational re-
search center.

3 | RESULTS
3.1 | CSF CXCL13 is a useful biomarker for
CNS lymphoma (case-control study)

The case-control study analyzed 248 patients. Of these, 66,
59, 36, 17, 13, 14, 14, 10, and 19 had CNS lymphomas, glio-
blastomas, other gliomas, germ cell tumors, metastatic tumors,
other tumors, multiple sclerosis, iNPH, and other diseases,
respectively. The mean concentrations of CSF CXCLI13 in
CNS lymphoma and non-CNS lymphoma were 1483 + 731
and 55 + 209 pg/mL, respectively. The mean concentrations
of CSF CXCL13 in glioblastomas, other gliomas, germ cell
tumors, metastatic tumors, other tumors, multiple sclerosis,
iNPH, and other diseases were 21 + 214, 24 + 45, 38 + 77,
176 + 390, 4 + 3, 36 + 72, 14 + 31, and 233 + 498 pg/mL,
respectively. The CSF CXCL13 levels in CNS lymphoma
were significantly higher than in the other CNS diseases
(Figure 1A). The ROC curve of the CSF CXCL13 levels
for CNS lymphoma showed high sensitivity and specificity
(AUC = 0.981; Figure 1B). However, four cases of other dis-
eases had high CSF CXCL13 over 1000 pg/mL, IgG4-related
disease: 1568 and 1043 pg/mL, sarcoidosis: 1390 pg/mL, and
metastatic brain tumor: 1320 pg/mL (Figure 1A; Table S1).
Two patients with IgG4-related disease had inflammation of
the pituitary gland and pituitary stalk without pachymeningi-
tis. In the sarcoidosis patient, multiple contrast-enhanced le-
sions were found on the temporal lobe, lateral ventricle wall,
and fourth ventricular wall. In the patient with metastatic brain
tumor from lung, the tumor was found in the basal ganglia.
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3.2 | CXCL13 and CXCRS were expressed
in CNS lymphoma cells

To examine the CXCL13 expression, immunohistochemi-
cal examination was conducted using the case-control study
specimens. As shown in Figure 1C, CXCL13 protein was
highly expressed in the CNS lymphoma cells (Figure 1C,
a-d). Other tumors, such as glioblastoma, anaplastic oligo-
dendroglioma, anaplastic astrocytoma, diffuse astrocytoma,
ependymoma, and medulloblastoma, had a lower expres-
sion of CXCL13 protein (Figure 1C, e-1). CXCRS, a receptor
of CXCL13, was highly expressed in the CNS lymphomas
(Figure 1D). These results indicate that the CXCL13/CXCRS5
signaling pathway may be activated in CNS lymphoma cells.

3.3 | Establishment of multi-marker
diagnostic algorithms for CNS lymphoma

In addition with CSF CXCL13, we examined the CSF concentra-
tions of IL-10, p2-MG, and sIL-2R in 143 patients in the case-con-
trol study (Figure S1; Table S1). To construct the multi-marker
prediction algorithms, we applied the logistic regression models to
the CSF CXCL13, IL-10, f2-MG, and sIL-2R data. (Table 1). The
2-marker model of CXCL13 + IL-10 had the lowest AIC and BIC,
while the 4-marker model of CXCL13 + IL-10 + f2-MG + sIL-
2R had the lowest RMSE and highest AUC. The 3-marker model
of CXCL13 + IL-10 + p2-MG or sIL-2R also had very low AIC,
BIC, and RMSE and very high AUC. We evaluated four multi-
marker diagnostic models for their diagnoses of CNS lymphoma.
Their formulas follow:

CNS lymphoma probability: P = 1/1 + Exp(—2)
2-marker model (CXCL13 + IL-10): Z= -9.26 + CXCL
13 X (0.0037) + IL-10 x (1.87)

3-marker model 1 (CXCL13 + IL-10 + f2-MG): Z = —1
0.72 + CXCL13 x (0.0038) + IL-10 x (1.69) + p2-MG
% (0.0011)

3-marker model 2 (CXCL13 + IL-10 + sIL-2R): Z = —
9.30 + CXCL13 x (0.0037) + IL-10 x (1.87) + sIL-2R
% (0.00062)

4-marker model (CXCL13 + IL-10 + f2-MG + sIL-2R):
Z =-10.79 + CXCL13 x (0.0039) + IL-10 x (1.71) + B
2-MG X% (0.0013) + sIL-2R x (—=0.0052)

3.4 | Diagnostic performance of the
multi-marker diagnostic models in the
prospective study

We conducted the prospective study of 104 patients to
evaluate the aforementioned multi-marker diagnostic
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TABLE 1

Performance index
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Performance of each model possibility by case-control study

Markers included in the model AIC BIC

CXCL13 64.4 70.2
IL-10 41.6 474
p2-MG 91.0 96.8
sIL-2R 149.0 154.8
CXCL13 + 1IL-10 23.6 32.3
CXCL13 + 2-MG 41.8 50.5
CXCL13 + sIL-2R 59.1 67.8
1IL-10 + p2-MG 38.0 46.7
IL-10 + sIL-2R 43.5 522
f2-MG + sIL-2R 90.1 98.8
CXCL13 + IL-10 + p2-MG 24.1 35.6
CXCL13 + IL-10 + sIL-2R 25.7 37.2
CXCL13 + p2-MG + sIL-2R 43.8 55.4
IL-10 + p2-MG + sIL-2R 40.1 51.6
CXCL13 + IL-10 + p2-MG + sIL-2R 25.9 40.3

Bold indicates highest or lowest value.

RMSE AUC R? P-value
0.236 0.979 682 <.0001
0.185 0.971 802 <.0001
0.297 0.927 542 <.0001
0.398 0.845 236 <.0001
0.137 0.998 908 <.0001
0.190 0.990 812 <.0001
0.230 0.984 721 <.0001
0.163 0.978 832 <.0001
0.186 0.978 803 <.0001
0.289 0.935 557 <.0001
0.135 0.998 917 <.0001
0.137 0.998 908 <.0001
0.191 0.990 813 <.0001
0.162 0.978 832 <.0001
0.134 0.998 919 <.0001

Abbreviations: AIC, Akaike information criterion; AUC, the area under the ROC curve; BIC, Bayesian information criterion; Rz, R-squared; RMSE, root mean squared

error.

models. The patients’ pathological diagnoses and CSF data
are listed in Table S2. Twenty-seven patients had PCNSL,
three had secondary CNS lymphoma (SCNSL), one had
B-lymphoblastic leukemia/lymphoma, one had intravas-
cular lymphoma, and 72 had other diseases. All patients
with SCNSL showed relapse in the brain, who had no
other lesion except for brain. The CSF levels of all of the
markers were significantly increased in the patients with
CNS lymphoma (Figure 2A,B). The multi-marker diag-
nostic algorithms calculated using the case-control study
were applied to the prospective study patients and the
results are shown in Table 2 and Figure 2C,D. The sen-
sitivity and specificity of the algorithms were very high.
The diagnostic model of CXCL13 + IL-10 + sIL-2R or
CXCL13 + IL-10 was the best (Table 2; Figure 2D). The
false positive cases of the 3-marker (CXCL13, IL-10,
and sIL-2R) and 2-marker (CXCL13 and IL-10) algo-
rithms were due to two cases of histiocytic sarcoma and
metastatic brain tumor. Additionally, there were two false

positive cases of GBM and brain involvement of Sjogren's
syndrome in the 4-marker (CXCL13, IL-10, p2-MG, and
sIL-2R) and 3-marker (CXCL13, IL-10, and f2-MG) algo-
rithms. Interestingly, the patient with Sjogren's syndrome
had a past history of gastric MALT lymphoma 10 years
prior.

3.5 | Serum CXCL13 is not a useful marker
for CNS lymphoma

Of the 104 patients in the prospective study, the serum concen-
trations of CXCL13 were measured in 67 (Figure 3A). The mean
concentrations of serum CXCL13 in CNS lymphoma and other
diseases were 269 pg/mL (range 30-938 pg/mL) and 217 pg/mL
(range 1-2070 pg/mL), respectively. The serum CXCL13 levels
of CNS lymphomas were not statistically increased compared
with the other diseases, although the CSF CXCL13 levels were
significantly increased in CNS lymphoma (Figure 3A). These

FIGURE 1

A, A comparison of the cerebrospinal fluid (CSF) concentrations of CXCL13 between CNS lymphomas and other CNS

diseases (germ cell tumor, glioblastoma, other glioma, metastatic tumor, other brain tumor, multiple sclerosis, iNPH, and other diseases). The
CSF CXCL13 levels of CNS lymphoma were significantly higher than those of the other diseases. (*P < .001). B, ROC curve of CSF CXCL13.
AUC is 0.981. C, Immunohistochemistry of CXCL13 in CNS lymphoma specimens and other brain tumor specimens. The CXCL13 expression

levels increased in the CNS lymphoma specimens compared with the other tumor specimens. (a-d) CNS lymphoma, (e-f) GBM, (g) anaplastic

oligodendroglioma, (h) anaplastic astrocytoma, (i-j) diffuse astrocytoma, (k) ependymoma, and (1) medulloblastoma (original magnification: x200).

D, Immunohistochemistry of CXCRS in the CNS lymphoma specimens (original magnification: xX200)
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FIGURE 2 A, A comparison of the cerebrospinal fluid (CSF) concentrations of CXCL13, IL-10, sIL-2R, and 2-MG in the prospective
study. Patient data are shown in Table S2. The CSF levels of all biomarkers significantly increased in CNS lymphoma compared with the other
diseases (*P < .001). B, ROC curve of CSF CXCL13, IL-10, sIL-2R, and 2-MG in the prospective study. ROC is statistically significant

(P < .001). AUC values are shown in each graph. C, Correlation of diagnosis by the 4-marker algorithm of CXCL13, IL-10, sIL-2R, and f2-MG
with pathological diagnosis in the prospective study. Sensitivity, specificity, positive predictive value, and negative predictive value are shown in

the panels. The ROC curve of these combinations in the prospective study is shown in the right panel. D, Correlation of diagnosis by the 2-marker

algorithm of CXCL13 and IL-10 with pathological diagnosis in the prospective study. Sensitivity, specificity, positive predictive value, and

negative predictive value are shown in the panels. The ROC curve of these combinations in the prospective study is shown in the right panel
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TABLE 2 Diagnostic performances of multi-marker algorithm

Marker Sensitivity
4 markers CXCL13, IL-10, p2-M, 97
sIL-2R
3 markers CXCL13, IL-10, f2-M 97
3 markers CXCLI13, IL-10, sIL-2R 97
2 markers CXCL13, IL-10 97

results indicated that the serum concentration of CXCL13 is not
a useful diagnostic biomarker for CNS lymphoma.

3.6 | Posttreatment CSF CXCL13 levels

In the 14 patients with CNS lymphomas, the CSF concen-
trations of CXCL13 were measured after the completion of
therapy (Figure 3B). The CSF concentration of CXCL13
post-therapy was significantly decreased compared with pre-
therapy in all of the patients analyzed. Two patients had re-
elevation of CSF CXCL13 levels at the time of relapse, and
after the therapy, the CSF CXCL13 levels were decreased
again (Figure 3B). These results indicated that CSF CXCL13
is a useful disease monitoring marker for CNS lymphoma.

3.7 | Relationship between CSF
CXCL13 and prognosis

We analyzed the prognosis of the 63 PCNSL patients in the case-
control and prospective studies. Patient selection is shown in
Figure 3C and the patients’ clinical characteristics are shown in
Table S3. We divided the patients into two groups according to
the median value: a high CXCL13 group (> 1500 pg/mL, n =32)
and low CXCL13 group (<1500 pg/mL, n = 31). As shown
in Figure 3D, the high CSF CXCL13 group had significantly
shorter PFS times (log-rank P = .009, Wilcoxon: P = .017) and
shorter OS (log-rank P = .232, Wilcoxon P = .045; Figure 3D).
The multivariate analysis of CXCL13, age, sex, and Karnofsky
performance status (KPS) revealed that higher CSF CXCL13
was significantly associated with decreased OS (P = .0047,
HR = 1.001, 95% CI: 1.000-1.001; Table 3).

4 | DISCUSSION

Clinical and radiological characteristics alone make it diffi-
cult to diagnose CNS lymphoma. With imaging alone, such
as MRI, demyelinating diseases, inflammatory diseases, and
malignancies, such as glioblastoma and metastatic tumors,
can be mistakenly diagnosed as CNS lymphoma. Tumor
biopsy is required for a definitive diagnosis; however, the
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Positive predictive Negative

Specificity value predictive value
94 89 99
94 89 99
97 94 99
97 94 99

biopsy procedure has a risk of complications, such as hem-
orrhage and seizure. Therefore, it is desired to establish a
diagnostic method capable of avoiding tumor biopsy and
enabling early diagnosis.

The CSF levels of the following biomarkers have been
shown to be elevated in CNS lymphoma: sCD27,'41
sCD19,'® p2-MG,"” antithrombin IIL,'® free light-chain im-
munoglobulins,'® a specific set of microRNAs,*?! IL-10
sIL2—R,9 CXCL]E‘),“)’23 and neopterin.24 The diagnostic util-
ity of CSF IL-10, B2-MG, and sIL-2R was also reported in
other studies including our previous study.zz’zs’26 However,
CSF CXCLI13 is a recently discovered diagnostic biomarker
for CNS lymphoma.'? In the present study, the CSF CXCL13
concentration was significantly increased in the patients with
CNS lymphoma. However, CSF CXCL13 is known to be in-
creased in other diseases such as Lyme neuroborreliosis?’ !
and n<3urosyphilis.32’33 Patients with early stage anti-NMDAR
(N-methyl-D-aspartate receptor) encephalitis had an in-
creased CSF CXCL13 concentration.** Additionally, the CSF
CXCL13 concentration was elevated in patients with aseptic
meningoencephalitis and neuromyelitis optica (NMO).>3¢ In
our case-control study, CXCL13 was elevated in four cases in
non-CNS lymphoma. Two cases were IgG4-RD, one case was
sarcoidosis, and one case was metastatic tumor. It has been re-
ported that infiltrated T cells produce CXCL13 in IgG4-RD,37
so that CXCLI3 concentration in CSF may increase in
IgG4-RD patients. Sarcoidosis was high in one of four cases,
but there were few reports of a relationship between sarcoid-
osis and CXCL13. However, CXCL13 was elevated in the
aqueous humor of uveitis including sarcoidosis.*® Two of 18
metastatic brain tumors in our study had high CXCL13 lev-
els. There are several reports of CXCL13 expression in lung
cancer. In addition, CXCL13 levels were increased in bron-
choalveolar lavage fluid in non-small cell lung cancer, and
high CXCL13 was reported to be a poor prognostic factor.*’
Immunostaining of metastatic brain tumor tissue with high
levels of CSF CXCL13 revealed overexpression of CXCL13
in cancer cells, suggesting that CXCL13 expression was en-
hanced by some mechanism, but the details are unknown.
Since some diseases have high CSF CXCL13 concentrations,
diagnosis with a multi-marker is necessary.

Rubenstein et al previously reported on the usefulness
of CNS lymphoma diagnosis with the combination of
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FIGURE 3 A, Comparison of the serum or cerebrospinal fluid (CSF) levels of CXCL13 between CNS lymphoma and the other CNS
diseases. B, Changes in the CSF CXCL13 concentration in the disease process. At recurrence, CSF CXCL13 levels increased again. C, A flow chart
of the PCNSL patient selection in the survival analysis. D, Comparison of Kaplan-Meier PFS (left panel) and OS (right panel) curves according to
the concentrations of CSF CXCL13 (high > 1500 pg/mL, low < 1500 pg/mL; p: log-rank and Wilcoxon analysis)
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TABLE 3 Univariate and multivariate
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overall survival analyses of PCNSL (n = 63) Univariate Multivariate
HR 95% CI P-value HR 95% CI P-value
CSF CXCL13*  1.001 1.000 ~ 1.001  .0035 1.001 1.000 ~ 1.001 .0047
Age* 1.021  0.985~1.060  .251 1.018  0.979 ~1.058  .357
Sex 1.022  0.501 ~1.997  .950 1.028 0518 ~2.128  .938
KPS* 1.985 0957 ~1.013 .302 0.992 0962 ~1.022  .606

Abbreviations: CI, confidence interval; HR, hazard ratio; KPS, Karnofsky performance status; PCNSL,
primary central nervous system lymphoma.

“Continuous variable.

CXCL13 and IL-10."° They analyzed 220 cases, including
83 CNS lymphoma, retrospectively, but we analyzed 248
cases retrospectively and 104 cases prospectively, which
are a larger number of cases. Also, our statistical anal-
ysis is more detailed than theirs, and is novel in that we
have constructed an algorithm for diagnosis. Rubenstein
et al reported an AUC value of 0.746 for the combination
of CXCL13 and IL-10, which was considerably lower than
our AUC value. The reason for the markedly better AUC in
our analysis is not clear, but one reason may be related to
the administration of steroids. We have confirmed that ad-
ministration of steroids decreases CSF CXCL13 and IL-10
concentrations, therefore steroid administration reduces di-
agnostic accuracy.

This study evaluated multi-marker diagnostic algorithms
with various combinations of CXCL13, IL-10, f2-MG, and
sIL-2R. The combination of four markers had a very high
discrimination power for CNS lymphoma. The 2-marker
diagnostic model of CXCL13 and IL-10 and the 3-marker
model of CXCL13, IL-10 and sIL-2R also had very high
sensitivity and specificity. The 2-marker model is simplest,
but had good AIC and BIC values, and was comparable to
the 4-marker model in diagnostic accuracy; the 2-marker
model had a higher positive predictive value in the pro-
spective study, but when the model equation was applied to
patients in the case-control study, the 2-marker model had
a lower negative predictive value (98%) than the 4-marker
model (99%). In the present study, it was not able to con-
clude which of the 2-marker model or the 4-marker model
has the higher diagnostic accuracy; however, the 4-marker
model may be more sensitive and specific to various dis-
eases and steroid administration, and should be verified in
many cases in the future.

Given that CNS lymphoma cells express CXCRS, it is
tempting to speculate about the role of CXCL13 in the patho-
genesis of CNS lymphoma. The CXCL13/CXCRS signal is
associated with mitogen-activated protein kinase (MAPK)
pathway, which participates in lymphocyte activation.** In
addition, CXCL13/CXCRS5 axis activates the phosphatidy-
linositol-3 kinase (PI3K)/AKT pathway, leading to invasion

and migration of cancer cells.*' Our study demonstrated that
CNS lymphoma patients with high CSF CXCL13 levels had
poorer OS and PFS. Rubinstein et al reported similar results.
In addition, the CXCL13 level is associated with the prog-
nosis in extranodal natural killer (NK)/T-cell lymphoma
patients.42

Recently, several reports have shown that circulating
tumor DNA (ctDNA) is useful for the diagnosis of CNS
lymphoma. MYDS88 and CD79B mutations were detected in
38% ~ 76% and 30% ~ 83% of patients with PCNSL, respec-
tively.43'45 Several mutations can be detected from ctDNA
in CSF of PCNSL patients, and MYDS88 mutations were de-
tected from CSF at a high rate.*® Therefore, multi-modality
diagnostic algorithms including CSF cytokines/chemokines
and ctDNA may be established in the future.

Our study has several limitations. First, the size was rel-
atively small, and it was conducted at only one institution.
In particular, the number of neuroinflammatory disease
cases was small. Second, in prognosis analysis, individual
treatment did not follow the same protocol. Most of the pa-
tients received both RT and chemotherapy; however, some
patients received RT or chemotherapy alone. In addition,
several patients were treated with corticosteroids before
CSF sampling. The effects of corticosteroids are unknown;
however, the CSF concentrations of CSF CXCL13, IL-10,
B2-MG, and sIL-2R seemed to be decreased by corticoste-
roids. Nevertheless, our prospective study demonstrated
the diagnostic utility of the CSF multi-marker predictive
algorithms.

In conclusion, CSF CXCL13 is a useful diagnostic bio-
marker for patients with CNS lymphomas. The CSF CXCL13
level is a useful prognostic factor for patients with CNS lym-
phoma. In addition, we found that the combined use of CSF
CXCL13, IL-10, sIL-2R, and f2-MG demonstrated excellent
diagnostic performance. In order for our diagnostic algo-
rithms to be usable in the clinical setting, they need to be
validated in large prospective cohort studies. When the di-
agnostic value of these combinations of CSF markers is con-
firmed, risk of biopsy could be avoided and treatment can be
started earlier for patients with CNS lymphoma.
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