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Abstract

Background. B-cell survival is regulated through interactions of B-cell-activating factor and a proliferation-induc-
ing ligand with their receptors transmembrane activator and CAML interactor (TACI) and B-cell maturation antigen
(BCMA). We evaluated the diagnostic potential of soluble TACI (sTACI) and soluble BCMA (sBCMA) in CSF and
serum as biomarkers in primary CNS lymphoma (PCNSL).

Methods. CSF (n = 176) and serum samples (n = 105) from patients with clinically or radiologically suspected
PCNSL as well as from control patients were collected prospectively. Levels of sTACI and sBCMA were analyzed
by enzyme-linked immunosorbent assay. Additionally, in patients with PCNSL, CSF was analyzed during disease
course (time of diagnosis, n = 26; relapse, n = 10; remission, n = 14), and in 2 patients long-term longitudinal ana-
lysis was performed.

Results. Soluble TACI and sBCMA are significantly increased in patients with PCNSL (sTACI, median: 445 pg/mL;
sBCMA, median: 760 pg/mL) compared with control patients (sTACI, median: 0 pg/mL; sBCMA, median: 290 pg/
mL). At a cutoff value of 68.4 pg/mL, sTACI shows high sensitivity (87.9%) and specificity (88.3%) for the diagnosis
of active PCNSL. Soluble BCMA is less sensitive (72.7%) and specific (71.8%) (cutoff: 460 pg/mL). When both mark-
ers are combined, specificity increases, however, at the cost of a lower sensitivity. In serum, both sTACI and sBCMA
are not increased in PCNSL patients. Both soluble receptors correlate with clinical course and therapy response.
Conclusions. Our results suggest that sTACI and sBCMA in the CSF are promising new biomarkers for diagnosis
and therapy monitoring in PCNSL. However, our findings need to be validated in an independent cohort.
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Primary central nervous system lymphoma (PCNSL)
represents a form of non-Hodgkin lymphoma which is
confined to the brain, leptomeninges, eyes, and spinal
cord in the absence of systemic lymphoma at the time of
diagnosis.” PCNSL accounts for 3%-5% of primary brain
tumors and are highly aggressive. Therefore, prompt
diagnosis is essential to rapidly initiate appropriate
treatment. MRI features, suspicious for lymphoma,
involve unique or multiple periventricular, homoge-
neously enhancing lesions. However, the spectrum of

radiological presentation is very broad, including non-
enhancing infiltrating lesions or diffuse leukencepha-
lopathy? that simulates inflammatory diseases (multiple
sclerosis, neurosarcoidosis), neuroinfectious diseases,
or other brain tumors.® In the majority of cases, a
cerebral biopsy is required for diagnosis, with poten-
tial complications. Therefore, biomarkers supporting
the diagnosis of PCNSL and allowing stratification of
patients for biopsy or replacing biopsy would be very
helpful.
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Importance of the study

PCNSLs are highly aggressive B-cell tumors.
Effective treatment should be initiated as soon as
possible. However, MRI characteristics are not spe-
cific and in the majority of cases a neuropathological
examination is required for diagnosis, which can be
technically challenging and potentially harmful and
can protract time to diagnosis. We aimed to identify
CSF biomarkers that facilitate diagnosis and therapy
monitoring in PCNSL. We found the B-cell derived
soluble receptors, sTACI and sBCMA, to be elevated

Regulation of B-cell homeostasis involves a system that
comprises 2 ligands, B-cell activating factor of the tumor
necrosis factor family (BAFF) and a proliferation inducing
ligand (APRIL), and 3 receptors, B-cell maturation anti-
gen (BCMA), transmembrane activator and CAML inter-
actor (TACI), and BAFF-receptor.* The essential role of this
pathway in the pathogenesis of B-cell malignancies such
as systemic non-Hodgkin lymphoma has already been
described; in this context lymphoma B cells can evade
apoptosis through BAFF and APRIL, probably in an auto-
crine manner.®

Recently, we demonstrated that the receptors TACI and
BCMA also exist as soluble forms that can be detected in
body fluids and reflect systemic and compartmentalized
B-cell accumulation and activation.®” We therefore evalu-
ated the role of soluble TACI (sTACI) and soluble BCMA
(sBCMA) as biomarkers in PCNSL.

Materials and Methods
Patients

The study was conducted in the Department of Neurology,
the Institute of Clinical Chemistry, and the Institute of
Clinical Neuroimmunology, Klinikum Grosshadern from
February 2012 to May 2015. All patient samples were col-
lected following written informed consent according to
local ethics guidelines in Munich and the Declaration of
Helsinki. Included in the study were patients (age >18 y)
with at least one MRI-proven suspicious brain lesion of
unknown origin (tumorous/autoimmune-inflammatory/
infectious), in whom diagnostic lumbar puncture was per-
formed during clinical routine. Additionally, patients with
other neurological diseases (ONDs) without a focal brain
lesion were included as controls. In detail 33 patients
with PCNSL (all diffuse large B-cell lymphoma [DLBCL]),
6 patients with secondary CNS lymphoma (SCNSL), 20
patients with primary brain tumors (PBT), 22 patients with
secondary brain tumors (SBT), 13 patients with neuroinfec-
tious diseases, 30 patients with neuroinflammatory dis-
eases, and 52 patients with ONDs were included (Table 1).
Diagnosis of PCNSL was made by stereotactic brain biopsy
and neuropathological examination in 28 patients, by
immunophenotyping and flow cytomorphometry of CSF
cells in 3 patients, and by immunophenotyping and flow

in the CSF of PCNSL patients. They represent bio-
markers with high sensitivity and specificity for the
diagnosis of PCNSL and correlate with clinical course
and therapy response. Our findings in combination
with other CSF biomarkers and imaging approaches
might enable diagnosis of PCNSL in the future with-
out the need for brain biopsy. Furthermore, sTACI
and sBCMA could also be promising biomarkers for
peripheral B-cell derived lymphomas.

cytomorphometry of vitreous fluid cells in 2 patients. All
PCNSLs were of the DLBCL subtype. Diagnosis of SCNSL
was made by immunophenotyping and flow cytomorpho-
metry of CSF in 2 patients who had prior histologic con-
firmation of their systemic tumor manifestation and by
stereotactic brain biopsy and neuropathological examin-
ation in 4 patients. All SCNSLs were of the DLBCL subtype.

Patients were not currently under chemotherapeutic
treatment at the time of CSF analysis. Two patients were
treated with corticosteroids in the 14 days prior to sTACI
and sBCMA analysis and for 2 patients data on cortico-
steroid treatment prior to CSF analysis was not available.
The rest of the patients had not received corticosteroids.
According to patient data, clinical performance, MRI char-
acteristics, and respective laboratory parameters, 2 clin-
ically relevant prognostic scores were determined: the
International Extranodal Lymphoma Study Group (IELSG)
prognostic score ® and the Memorial Sloan-Kettering
Cancer Center prognostic score.®

Magnetic Resonance Imaging

MRI was performed on either a 15-Tesla scanner
(Magnetom Symphony, Siemens Medical Solutions) or
a 3-Tesla scanner (Signa, HDxT, GE Healthcare). Imaging
included a T1-weighted, a T1-weighted contrast enhanced,
aT2-weighted, a diffusion weighted, and a fluid-attenuated
inversion recovery weighted sequence. Soluble TACI and
sBCMA levels were compared for patients with different
PCNSL MRI characteristics: (i) homogeneous versus het-
erogeneous contrast enhancement, (ii) contact versus no
contact to ventricular system, (iii) involvement versus no
involvement of deep brain structures, and (iv) monolocular
versus multilocular occurrence. MRI evaluation was per-
formed as central review by an experienced neuro-oncol-
ogist (M.H.).

Processing of CSF and Serum Samples

CSF and serum samples were collected, immediately cen-
trifuged, and stored at —-80°C. Routine CSF analysis (ie, cell
count, microscopy, protein quantification, and glucose
levels) as well as immunophenotyping were performed at
the Institute of Clinical Chemistry. Additional serum sam-
ples were collected in 60% of the patients (64% PCNSL,
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Table1 Patient data, CSF

Lymphoma Patients

PCNSL/ SCNSL

Active? (n=6)

(n=33)
Sex F/M 14/19 1/5 6/14
Mean age + SD 65+ 15 62+19 54 +19
(range) (21-89) (33-90) (21-83)
Mean CSF cell count, 38+83 95 + 148 12 +45
cells/uL = SD (range) (1-408) (2-369) (0-204)
Mean CSF total 106 + 124 101 £ 60 64 + 32
protein, mg/dL * SD (9-604) (56-211) (25-160)
(range)
Mean CSF glucose, 64 +16 58 +18 62+8
mg/ (10-93) (34-88) (53-89)
dL *+ SD (range)
Mean albumin quo- 19+ 23 26 +23 9+6
tient £ SD (range) (3-96) (12-53) (2-22)

Controls

Neuroinf. Neuroinflamm.¢

(ENK)] (n =30)
12/10 3/10 18/12 30/22
64 +14 56 + 15 43+ 14 49 £ 22
(31-84) (30-81) (19-73) (18-85)
19 £ 33 882 + 2349 21+ 38 2+1
(0-132) (1-8846) (0-144) (0-7)
90 + 81 137 £ 93 59 + 25 44 + 16
(15-336) (44-376) (24-116) (22-83)
60 + 20 59+ 18 63 =10 64 + 11
(10-98) (32-99) (51-101) (45-104)
17 +£18 17 £18 7x4 6+3
(4-55) (4-65) (2-19) (3-12)

Abbreviations: neuroinf. = neuroinfectious disease; neuroinflamm. = neuroinflammatory disease.
aTwenty-six patients with sampling at the time of diagnosis, 7 patients with sampling during disease relapse.
bSix patients with brain metastases without meningeosis, 10 patients with brain metastases and meningeosis, 6 patients with meningeosis without

solid metastases.

CEleven patients with multiple sclerosis, 7 patients with other inflammatory neurological diseases, 5 patients with clinically isolated syndrome, 2
patients with neuromyelitis spectrum disorder, 1 patient with acute demyelinating encephalomyelitis, 1 patient with cerebral vasculitis, 1 patient
with neurosarcoidosis, 1 patient with Sjogren’s syndrome, 1 patient with Miller—Fisher syndrome.

dTwenty patients with headache, 4 patients with neurodegenerative diseases, 3 patients with epilepsia, 2 patients with normal pressure
hydrocephalus, 4 patients with Bell's palsy, 8 patients with peripheral neuropathies, 4 patients with ischemia, 1 patient with hypersomnia, 1 patient
with narcolepsia, 1 patient with chronic pain, 1 patient with arthritis, 1 patient with metabolic encephalopathy, 2 patients with myasthenia gravis.

67% SCNSL, 55% PBT, 45% SBT, 69% neuroinfectious
diseases, 70% neuroinflammatory diseases, 56% ONDs)
(SupplementaryTable S1).

Enzyme-Linked Immunosorbent Assay

Levels of sTACI and sBCMA in CSF and serum were deter-
mined by enzyme-linked immunosorbent assay (ELISA)
(HumanTACI/TNFRSF13B DuoSet ELISA, R&D Systems and
Human BCMA/TNFRSF17 DuoSet ELISA, R&D Systems)
following the manufacturer’s instructions. Briefly, protein
binding plates were coated with the respective capture
antibodies and incubated at 4°C overnight. After block-
ing of the plates, the diluted samples (dilution for sTACI:
CSF and serum 1:2, for sBCMA: CSF 1:3 and serum 1:50)
and standards were added and incubated at 4°C over-
night. Then, biotinylated detection antibodies and strepta-
vidin-horseradish peroxidase were added. Absorbance
at 450 nm and 540 nm was determined on a plate reader
(Victor Multilabel, Perkin Elmer). The detection limits were
93.80 pg/mL for sTACI and 31.20 pg/mL for sBCMA. Day-
to-day control sera samples and negative controls were
included to control for variability of the assay.

Statistics

Statistical tests were performed using GraphPad Prism
software. P-values of ¥*P<0.05, **P<0.01, ¥***P<0.001, and

***%P<0.0001 were considered significant and designated
accordingly. All patient subgroups were tested for normal-
ity using the D’Agostino—Pearson omnibus test. Differences
between subgroups were compared by Kruskal-Wallis test
followed by Dunn’s multiple comparisons test if more than
2 subgroups were compared. For comparison of 2 groups,
the Mann-Whitney test was applied. To determine correl-
ation between parameters, Spearman correlation was per-
formed, followed by Bonferroni correction to control for
multiple testing.

Results

In our study we collected CSF and serum samples from
patients with suspected brain lesions of unknown ori-
gin (tumorous/autoimmune-inflammatory/infectious), in
whom diagnostic lumbar puncture was performed during
clinical routine, prospectively. Additionally, we collected
samples from control patients. In total, CSF samples from
176 patients were included. In detail, CSF samples from
33 patients with active PCNSL, 6 patients with SCNSL, 20
patients with PBT, 22 patients with SBT, 13 patients with
infectious diseases, 30 with neuroinflammatory diseases,
and 52 patients with ONDs were included in the study.
A patient with active lymphoma was defined as a patient
not currently under treatment who presented at the time of
diagnosis (n =26) or with a relapse (n =7). Serum samples
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came from 21 patients with active PCNSL, 4 patients with
SCNSL, 11 patients with PBT, 10 patients with SBT, 9
patients with neuroinfectious diseases, 21 patients with
neuroinflammatory diseases, and 29 patients with ONDs.
A full description of the patient cohort is provided inTable 1
(CSF) and SupplementaryTable S1 (serum).

Levels of STACI and sBCMA Are Elevated in the
CSF of PCNSL Patients

We found highly elevated sTACI levels in the CSF of patients
with PCNSL (median: 445 pg/mL, interquartile range [IQR]:
1883 pg/mL) and SCNSL (median: 32 pg/mL, IQR: 3583 pg/
mL) compared with all other patients analyzed (median: 0
pg/mL, IQR: 7 pg/mL) (Fig. 1A). Detailed analyses revealed
that sTACI levels were significantly elevated in PCNSL
patients compared with patients with ONDs (median: 0 pg/
mL, IQR: 0 pg/mL) and, even more important, compared
with patients with cerebral lesions, including PBT (median:
0 pg/mL, IQR: 0 pg/mL), SBT (median: 0 pg/mL, IQR: 20 pg/
mL), neuroinfectious diseases (median: 11 pg/mL, IQR: 205
pg/mL), and neuroinflammatory diseases (median: 8 pg/
mL, IQR: 129 pg/mL) (Fig. 1A).

Similarly, sBCMA levels were significantly increased
in PCNSL patients (median: 760 pg/mL, IQR: 1740 pg/mL)
and SCNSL patients (median: 430 pg/mL, IQR: 3095 pg/
mL) compared with all other patients analyzed (median:
290 pg/mL, IQR: 320 pg/mL). Subgroup analysis shows that
the elevation is significant compared with patients with
ONDs (median: 260 pg/mL, IQR: 170 pg/mL) and patients
with PBT (median: 245 pg/mL, IQR: 125 pg/mL) (Fig. 1B).
However, sBCMA levels do not allow a discrimination
between PCNSL and SBT (median: 435 pg/mL, IQR: 350 pg/
mL), neuroinfectious diseases (median: 970 pg/mL, IQR:
930 pg/mL), and neuroinflammatory diseases (median: 350
pg/mL, IQR: 495 pg/mL) (Fig. 1B).

We could previously show that sTACI and sBCMA levels
are increased in the CSF of patients with active multiple
sclerosis and clinically isolated syndrome.® The present
study partly recapitulates this finding, as sTACI levels were
found to be higher in the CSF of patients with neuroin-
flammatory diseases compared with patients with ONDs
(P < 0.05). However, as already highlighted, CSF levels did
not reach the values obtained for patients with PCNSL.

For sBCMA we could not find a significant difference
between patients with neuroinflammatory diseases and
with ONDs. This presumably relates to the fact that the
cohort of patients with neuroinflammatory diseases in the
present study was more heterogeneous (see Table 1) com-
pared with our previous studies.

Next, we correlated sTACI and sBCMA levels with each
other and with results from routine CSF analysis and
patient age. Soluble TACI levels in the CSF correlated with
sBCMA levels (Supplementary Figure S1A). We detected
no correlations of sTACI with CSF cell count, CSF glucose,
CSF protein, albumin quotient, or age (Supplementary
Figure S1A). Soluble BCMA levels correlated with sTACI
levels, but also with CSF glucose and albumin quo-
tient (Supplementary Figure S1A). Soluble BCMA lev-
els did not correlate with CSF cell count, CSF protein,
and age (Supplementary Figure S1A). Furthermore, we
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Fig. 1 Soluble TACI and sBCMA levels are elevated in the CSF
of PCNSL patients. (A, B) Soluble TACI and sBCMA levels were
determined by ELISA in CSF (active PCNSL: n = 33; SCNSL: n=6;
PBT: n=20; SBT: n=22; patients with neuroinfectious diseases: n
= 13; patients with neuroinflammatory diseases: n = 30; ONDs: n
= 52). Horizontal bars indicate the median; normality testing was
performed using the D'Agostino—Pearson omnibus test, as the
normality test was not passed in all subgroups; sTACI or sBCMA
levels in the subgroups were compared by Kruskal-Wallis test
followed by Dunn’s multiple comparison test. (A) Soluble TACI
is elevated in the CSF of patients with PCNSL and SCNSL, with
sTACI levels being significantly increased compared with all
other patient subgroups. (B) Soluble BCMA levels in CSF are sig-
nificantly increased in PCNSL compared with patients with PBT
and ONDs; however, not when compared with patients with SBT,
patients with neuroinfectious diseases, and patients with neuro-
inflammatory diseases.

compared the levels of sTACI and sBCMA in patients with
different MRI characteristics. Apparently, neither PCNSL
contact to the ventricular system nor homogeneous
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contrast-enhancement involvement of deep brain struc-
tures or multilocular occurrence was associated with
increased sTACI or sBCMA levels (Supplementary Figure
S1B-I). Also we detected no association with the prognos-
tic scores of IELSG (Supplementary Figures S1J, S2K) and
Memorial Sloan-Kettering Cancer Center (data not shown).
For sTACI we detected an association with meningeosis
(Supplementary Figure S1L); however, meningeosis had
no effect on sBCMA levels (Supplementary Figure S1M).
Also, in patients with SBT no association of meningeo-
sis and sTACI and sBCMA levels was detected (data not
shown).

Levels of sSTACI and sBCMA Are Not Elevated in
the Serum of PCNSL Patients

Additionally to CSF levels, we determined sTACI and
sBCMA levels in the serum. No significant difference was
detected between sTACI levels in PCNSL patients (median:
348 pg/mL, IQR: 289 pg/mL) and all other patients ana-
lyzed (median: 338 pg/mL, IQR: 291 pg/mL). Also, sBCMA
levels did not differ in PCNSL patients (median: 15.4 ng/
mL, 11.2 ng/mL) and all other patients analyzed (median:
15.5 ng/mL, IQR: 6.4 ng/mL), indicating that the elevated
levels of sTACI and sBCMA in PCNSL are indeed CNS spe-
cific. This is in line with the diagnostic criteria of PCNSL
requiring no evidence of systemic disease manifestation at
the time of diagnosis (Fig. 2A, B). Soluble TACI and sBCMA
levels in the CSF of patients without PCNSL or SCNSL were
generally more than 10-fold lower—or for sTACI in many
cases even nondetectable—compared with the respective
serum levels. However, in PCNSL patients, sTACI CSF lev-
els reached or even exceeded respective serum levels. For
sBCMA, however, the CSF levels always remained lower
compared with the serum levels. There were 2 patients with
very high systemic sTACI levels, one in the PCNSL group
who presented with a systemic relapse of disease, and the
other in the SCNSL group with a diagnosis of DLBCL pre-
senting with systemic and CNS manifestation.

Evaluation of sTACI and sBCMA as Biomarkers
in PCNSL

To assess the sensitivity and specificity of sTACI and
sBCMA in the CSF as biomarkers for PCNSL, we per-
formed receiver operating characteristic curve analysis
(Fig. 3A, B, left panels). Hereby, we confirmed our finding
of sTACI (area under the curve [AUC]: 0.935) being super-
ior to sBCMA (AUC: 0.760) in discriminating PCNSL from
all other patients analyzed. We calculated sensitivity and
specificity of the 2 markers at different cutoff levels and
found sensitivity and specificity to be highest at a cutoff at
68.4 pg/mL for sTACI (sensitivity: 87.9%, specificity: 88.3%)
and 460 pg/mL for sBCMA (sensitivity: 72.7%, specificity:
71.8%) (Fig. 3A, B, right panels). For sTACI with a cutoff of
68.4 pg/mL, the positive predictive value was 63.6% and
the negative predictive value was 96.0%. For sBCMA with
a cutoff of 460 pg/mL, the positive predictive value was
50.0% and the negative predictive value 89.9%. Next, we
determined whether a combination of both tests added
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Fig. 2 Soluble TACI and sBCMA levels are not elevated in the
serum of PCNSL patients. (A, B) Soluble TACI and sBCMA lev-
els were determined by ELISA in serum (active PCNSL: n =21,
SCNSL: n = 4; PBT: n =11; SBT: n = 10; patients with neuro-
infectious diseases: n = 9; patients with neuroinflammatory
diseases: n = 21; ONDs: n = 29). Horizontal bars indicate the
median; normality testing was performed using the D'Agostino—
Pearson omnibus test, as the normality test was not passed in
all subgroups, sTACI levels in the subgroups were compared by
Kruskal-Wallis test followed by Dunn’s multiple comparison test.
Filled star: patient initially with a diagnosis of PCNSL who expe-
rienced a systemic relapse; empty star: patient with the diagno-
sis of DLBCL and systemic and CNS manifestation. (A) Soluble
TACI is not elevated in the serum of patients with PCNSL com-
pared with all other patient subgroups. (B) Soluble BCMA is not
elevated in the serum of patients with PCNSL compared with all
other patient subgroups.

diagnostic specificity. To this aim, we calculated combined
sensitivity (sTACI)_,. x (sSBCMA)_ . and combined specifi-
city (sTACI)____+(sBCMA)___—[(sTACI)___x (sBCMA))__ .1

spec spec spec spec”
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Fig. 3 Evaluation of sTACI and sBCMA as potential biomarkers in PCNSL. Results of receiver operating characteristic analysis are depicted

in the left panels for sTACI (A) and sBCMA (B). Patients with PCNSL

were compared with all control patients. Sensitivity and specificity were

calculated for different cutoff values in the right panels for sTACI (A) and sBCMA (B).

The combined sensitivity was 63.9% and the combined
specificity was 96.7%.

Levels of sSTACI and sBCMA Correlate with
Clinical Activity

As a next step, we aimed to determine whether dis-
ease activity correlates with levels of sTACI and sBCMA.
Therefore, we compared the CSF levels of 26 patients at
the time of diagnosis with those of 10 patients experi-
encing a relapse and 14 patients in complete remission
(Supplementary Table S2). We found that levels of both
sTACI and sBCMA were elevated at the time of diagno-
sis (sTACI, median: 392 pg/mL, IQR: 1222 pg/mL; sBCMA,
median: 720 pg/mL, IQR: 1555 pg/mL) and during relapses
(sTACI, median: 524 pg/mL, 1QR: 2084 pg/mL; sBCMA,
median: 995 pg/mL, IQR: 3420 pg/mL) (Fig. 4A, B). No sig-
nificant difference between these groups was observed. At
remission, however, sTACI and sBCMA levels were both
significantly lower (sTACI, median: 0 pg/mL, IQR: 98 pg/mL;
sBCMA, median: 185 pg/mL, IQR: 160 pg/mL) compared
with patients with newly diagnosed or recurrent PCNSL,

suggesting a correlation with disease course (Fig. 4A, B).
To further elucidate this correlation, we analyzed sTACI
and sBCMA levels longitudinally in 2 patients. A 50-year-
old patient was diagnosed with PCNSL and was treated
with 6 cycles of rituximab, methotrexate, and cytarabine
according to the IELSG protocol,” which resulted in a com-
plete remission. Levels of the soluble receptors dropped
continuously (Fig. 4C).The second patient was 62 years old
when the first analysis was made. At that time he experi-
enced the second relapse of PCNSL. As during prior sys-
temic chemotherapy, severe pancytopenia, hepatotoxicity,
and renal failure were observed and whole brain radiation
had already been applied; for the second relapse he was
treated with intermittent intrathecal or intravenous rituxi-
mab as well as temozolomide, which resulted in complete
remission. Soluble TACI and sBCMA reflected the clinical
course with high levels during relapse and very low levels
or even undetectable levels for sTACI at complete remis-
sion. However, at the time of the last CSF sampling, the
patient experienced a third relapse. A rise in sTACI levels
could already be detected, while sSBCMA levels remained
normal (Fig. 4D).
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Fig. 4 Correlation of sTACI and sBCMA levels with disease activity. (A, B) Soluble TACI and sBCMA levels were determined by ELISA in CSF
(PCNSL diagnosis: n =26; PCNSL relapse: n =10; PCNSL remission: n = 14). Horizontal bars indicate the median. Some patients were sampled at
different time points of disease course. Corresponding patients are depicted with corresponding symbols. For statistical analysis every patient was
just considered once with the following priority: relapse > remission > diagnosis. Both sTACI and sBCMA levels are significantly increased during
diagnosis and relapse compared with remission; normality testing was performed using the D’Agostino-Pearson omnibus test, as the normality
test was not passed in all subgroups, sTACI or sBCMA levels in the subgroups were compared by Kruskal-Wallis test followed by Dunn’s multiple
comparison test. (C, D) Soluble TACI and sBCMA levels were determined by ELISA in CSF in 2 patients with PCNSL during disease course. Soluble
TACI and sBCMA levels are depicted together with treatment regimens given to the patient during the observational time. On the right panels MRI
findings are depicted. (C) The patient was treated with 6 cycles of rituximab, methotrexate, and cytarabine according to the IELSG protocol. (C1)
Cerebral (c)MRI (fast spoiled gradient echo plus gadolinium [FSPGR + Gd]) at the time of diagnosis shows a contrast-enhancing tumor emanating
from the corpus callosum and the cingulum and extending bilaterally to the basal parts of both frontal lobes; (C2) cMRI (FSPGR + Gd) after 3 cycles
of chemotherapy shows no tumor mass and no contrast enhancement. (D) The patient was experiencing the second relapse of a PCNSL at the time
of the first sTACI and sBCMA analysis. As severe pancytopenia, renal failure, and hepatotoxicity had been observed during previous chemothera-
pies for the second relapse, a treatment regimen with intermittent intrathecal rituximab, intravenous rituximab, and temozolomide was applied. (D1)
Cerebral MRI (T1-weighted + Gd) shows a contrast enhancing tumor affecting the left thalamus with exophytic growth into the left lateral ventricle;
(D2) cMRI (FSPGR + Gd) shows complete remission of the tumor; (D3) cMRI (T1-weighted + Gd) shows a tumor emanating from the splenium with
homogeneous contrast enhancement.
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Discussion

This prospective monocentric study demonstrates for the
first time that sTACI and sBCMA levels in the CSF are sig-
nificantly increased in patients with active PCNSL com-
pared with patients with brain lesions of other malignant,
inflammatory, or infectious origin. In line with the concept
of PCNSL exhibiting no peripheral disease activity, ele-
vated sTACI and sBCMA levels were indeed CSF specific
and were not altered in the serum of the analyzed samples.
In patients with SCNSL and systemic disease involvement,
however, an increase in sTACI and sBCMA serum levels
could be detected. Soluble TACI and sBCMA proved to be
valuable biomarkers allowing diagnosis of PCNSL with
high sensitivity and specificity. Furthermore, CSF level
reflects disease activity and might be a promising thera-
peutic marker.

While we did not define the cellular source of sTACI and
sBCMA in the CSF, it is known that TACI is expressed late
during B-cell development with increasing expression,
as B cells differentiate toward immunoglobulin-secreting
cells.’? It is highest expressed on marginal zone B cells,
CD27+ memory B cells, and plasma cells'®'* and is induced
upon B-cell activation.* However, TACI is described to
be absent on germinal center (GC) B cells.” BCMA is
expressed mainly on plasmablasts and long-lived plasma
cells but can also be detected on GC B cells.* In previous
studies we could show by using immunohistochemistry
that in PCNSL specimens, TACI and BCMA are expressed
by CD20+ lymphocytes in human PCNSL lesions. TACI
hereby showed a higher expression than BCMA."
Similarly, quantitative PCR revealed high TACI and a mod-
erate BCMA expression in malignant lymphoma cells of
human PCNSL." In the present study, however, we cannot
rule out that sTACI and sBCMA in the CSF might at least
in part be linked also to the infiltration of other activated
immune cells.

Our previous studies suggest that sTACI and sBCMA lev-
els reflect the expression of TACI and BCMA on the cell sur-
face.®” However, in the present study, the levels of soluble
receptors did not correlate with CSF cell count. This might
be related to the fact that the total CSF count does not
necessarily reflect the number of lymphocytes and at least
for sTACI we detected an association with meningeosis.

Both soluble receptors could be valuable biomarkers,
with sTACI showing higher sensitivity and specificity com-
pared with sBCMA. The combined analysis of sTACI and
sBCMA levels in our study showed that while the combin-
ation of both receptors increases specificity, this comes at
the cost of a decreased sensitivity.

Several other potential biomarkers for PCNSL have
already been identified in the past. The proteins neop-
terin,’® CXCL13," interleukin (IL)-10,"%22 [L-6,20-22 f2-
microglobulin,?"2 osteopontin,?* and soluble cluster of
differentiation (sCD)27%° seem to be promising candidates.
Quantitative analysis based on ELISA and chemilumines-
cent enzyme immunoassay showed sensitivities ranging
from 68% (B2-microglobulin?®) to 100% (sCD27%%) and spe-
cificities ranging from 63% (IL-6%°) to 100% (IL-10%°). Among
other factors, these studies varied with regard to the study

design (retro- vs prospective, mono- vs multicentric, etc),
the number of patients included (452'-220"?), and the com-
position of the control cohort (focal brain lesions of malig-
nant, inflammatory, and infectious origin, control patients
without focal lesions). However, varying results on the
diagnostic potential of some biomarkers were obtained by
different groups. For instance, the diagnostic sensitivity of
IL-10 in the detection of PCNSL among other brain lesions
ranged from 64%" to 94%,%" the respective specificity from
94%" to 100%.2'?2 This indicates that validation studies
with a broad patient spectrum are crucial to identify rele-
vant cutoff values and to assess the respective diagnostic
potentials of reliable biomarkers.

Despite protein biomarkers, microRNAs seem to be
promising novel biomarkers in the diagnosis of brain
tumors, especially of PCNSL.263 MicroRNA expression
level can be measured within the CSF using quantitative
real-time PCR assays. In a pioneering study, Baraniskin
et al could show that the microRNAs miR-21, miR-19b, and
miR-92a were significantly higher in the CSF of patients
with PCNSL compared with those from control patients.
The combination allowed for a diagnostic accuracy of
95.7% sensitivity and 96.7% specificity,?® confirmed in
a second, enlarged study, which could also show their
potential as biomarkers for treatment monitoring and
follow-up.?’ Similarly, measurement of U2 small nuclear
RNA fragment levels enabled the differentiation of patients
with PCNSL from controls with a sensitivity of 68.1% and a
specificity of 91.4%.%2 Most importantly, microRNA profiles
or selected microRNAs in the peripheral blood of PCNSL
patients seem to be suited to prognosticate the survival of
patients under therapy.33-3% However, these studies war-
rant further validation in greater patient cohorts.

Overall, we think that in the context of the abovemen-
tioned CSF biomarker studies, the present prospective
study comprises a clinically relevant patient cohort and
includes a broad spectrum of control patients with neo-
plastic, neuroinflammatory, or neuroinfectious brain
lesions that could represent a relevant differential diagno-
sis in patients with PCNSL. We show that determination of
sTACI allows a discrimination of PCNSL from all other sub-
groups. High sTACI levels nearly exclude any alternative
diagnosis to PCNSL or SCNSL. Soluble TACI could there-
fore serve as a confirming biomarker in patients in which
brain biopsy is ambiguous, not feasible, or too dangerous.
Aside from their diagnostic value, levels of both soluble
receptors closely correlated with clinical course.Therefore,
sTACI and sBCMA constitute potential markers allowing
early detection of relapses if patients are followed longi-
tudinally or facilitating monitoring of treatment response.
Furthermore, the analysis of sTACI and sBCMA by ELISA is
stable, easy to perform, and cost-efficient.

However, our study has some limitations. Our results
have to be recapitulated in an independent cohort, pos-
sibly of a larger sample size. Furthermore, the restriction of
long-term follow-up data on few patients is a clear limita-
tion. Apart from this, in clinical routine not all patients are
amenable for a CSF analysis due to the risk of herniation in
patients with large, space occupying brain tumors.

Determining sTACI and sBCMA levels in our cohort
was not sufficient to discriminate between PCNSL and
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SCNSL. However, during the initial diagnostic evaluation
of a patient presenting with CNS lymphoma, potential sys-
temic involvement should always be ruled out by CT of the
chest, abdomen, and pelvis, ultrasonography of the testes,
and bone marrow biopsy.! The fact that we also observe
elevated sTACI and sBCMA levels in the serum of SCNSL
or PCNSL patients with systemic disease involvement indi-
cates that sTACI and sBCMA might represent promising
candidates as biomarkers also in patients with systemic
lymphomas.

In the future, it would be very interesting to evaluate
which combination of different biomarkers would allow
diagnosing PCNSL with highest accuracy. As the analysis
of neopterin showed a high sensitivity (96%),"® a com-
bination with the analysis of sTACI and sBCMA could be
an interesting option. Similarly, a combined analysis of
microRNAs and protein markers would be an intriguing
approach.

In conclusion, we identified sTACI and sBCMA as prom-
ising biomarkers for diagnosis and therapy monitoring of
PCNSL. Our findings encourage further studies validating
our results, particularly regarding the prognostic value of
sTACI and sBCMA in PCNSL patients.
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