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Key Points

• Lenalidomide pene-
trates ventricular CSF
and is active as mono-
therapy in relapsed
CNS lymphomas.

•Maintenance lenalido-
mide is feasible and
may potentiate re-
sponse duration after
salvage in relapsed
PCNSL and delay
WBRT.

There isanunmetneed foreffectivebiological therapies forrelapsedcentralnervoussystem(CNS)

lymphoma. Lenalidomide is active in activated B-cell type diffuse large B-cell lymphoma and

rituximab is effective in CNS lymphoma. These observations are the basis for this first trial of an

immunomodulatory drug as monotherapy in CNS lymphoma, and, in patients with inadequate

responses to lenalidomide,with rituximab. In an independent cohort, we evaluated lenalidomide

maintenance after salvage with high-dose methotrexate or focal irradiation in relapsed primary

CNS lymphoma (PCNSL). We determined safety, efficacy, and cerebrospinal fluid (CSF)

penetration of lenalidomide at 10-, 15-, and 20-mgdose levels in 14 patientswith refractory CD201

CNS lymphoma. Nine subjects with relapsed, refractory CNS lymphoma achieved better than

partial response with lenalidomide monotherapy, 6 maintained response $9 months, and 4

maintained response$18months. Median progression-free survival for lenalidomide/rituximab

was 6 months. In the independent cohort, response duration with lenalidomide maintenance

after complete responses 2 through 5 were significantly longer than response durations after

standard therapy. The CSF/plasma partition coefficient of lenalidomide was $20% at 15- and

20-mg dose levels. Change in CSF interleukin-10 at 1month correlated with clinical response and

response duration to lenalidomide. Metabolomic profiling of CSF identified novel biomarkers,

including lactate, and implicated indoleamine-2,3 dioxygenase activity with CNS lymphoma

progression on lenalidomide. We conclude that lenalidomide penetrates ventricular CSF and is

active as monotherapy in relapsed CNS lymphomas. We provide evidence that maintenance

lenalidomide potentiates response duration after salvage in relapsed PCNSL and delays whole

brain radiotherapy (WBRT). This trial was registered atwww.clinicaltrials.gov as #NCT01542918.

Introduction

Despite advances in dose-intensive chemotherapy for primary and secondary central nervous system
(CNS) lymphomas, there likely exists a plateau in progression-free survival with strategies based on
established genotoxic agents.1-3 In virtually every clinical series, 20% to 30% of primary CNS
lymphoma (PCNSL) patients experience tumor progression within the first 6 months of treatment.
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Relapse within the CNS remains a significant cause of death in
systemic non-Hodgkin lymphoma (NHL).4 Moreover, high-dose
genotoxic therapy has limited relevance for older patients, a
subgroup at risk for severe complications of chemotherapy and
whole brain radiotherapy.5 Given that PCNSL increasingly
affects an older population,6 there is a need for selective agents
that target key pro-tumor survival pathways and have minimal
collateral toxicity to the patient.

Lenalidomide is a second-generation immunomodulatory agent with
pleiotropic antitumor effects including stimulation of natural killer
and T-cell expansion.7-10 Lenalidomide enhances the antibody-
dependent cell-mediated cytotoxicity of rituximab and may over-
come rituximab resistance in NHL.11-13 Lenalidomide also has
cell-autonomous cytotoxic effects on lymphoid tumors, including
antagonism of IRF4 and MYC pro-survival signals.14,15 IRF4 is
relevant to PCNSL given that .90% of diagnostic specimens
are IRF4/MUM1-positive.16 Similarly, ;50% of CNS lymphomas
express MYC or activation of MYC pathways.17

We and others reported single-agent activity of lenalidomide in
refractory secondary CNS diffuse large B-cell lymphoma (DLBCL)
as well as mantle cell lymphoma involving the CNS.18,19 Given
reports of neurotoxicity associated with lenalidomide and other
immunomodulatory drugs in the setting of myeloma and other
lymphoid malignancies,20,21 that the direct binding protein and
mediator of cellular activity of lenalidomide, cereblon, is highly
expressed in neurons in the brain,22,23 and that it is well-established
that CNS lymphoma patients are at high risk for neurocognitive
deficits and neurotoxicity, we designed a phase 1 investigation to
determine a safe, maximum tolerated dose (MTD) of lenalidomide
for this patient population. The rationale for this approach is also
supported by the fact that CNS lymphoma patients often have a
poor performance status and are particularly vulnerable because of
immune suppression.

Based on evidence for synergy between lenalidomide and
rituximab13 and prior investigations that demonstrated safety
and activity of intraventricular as well as intravenous rituximab in
relapsed CNS lymphoma,24,25 to maximize delivery of rituximab to
the brain tumor microenvironment, we also performed a pilot analysis of
combined intraventricular plus intravenous rituximab in patients that did
not respond to lenalidomide.

The primary and secondary objectives of this study were to determine
safety, identify MTD, demonstrate cerebrospinal fluid (CSF) penetra-
tion of lenalidomide at 3 dose levels, and obtain evidence for activity of
lenalidomide in CNS and intraocular lymphomas. Additional goals were
to gain experience with lenalidomide with combined intraventricular
plus intravenous rituximab in patients who progressed on lenalidomide
monotherapy, and to test the hypothesis that the CSF metabolome
contains novel prognostic biomarkers that also provide insight into
new therapeutic targets.

Finally, given that CNS lymphomas are rare neoplasms that are
difficult to study, especially with novel agents in a phase 1 setting,
we analyzed outcomes of a retrospective cohort of relapsed,
refractory PCNSL patients in which maintenance lenalidomide was
administered after salvage high-dose methotrexate or focal
irradiation strategies. Inclusion of this series complements the
phase 1 trial results in providing evidence for activity, feasibility, and
safety of lenalidomide in this disease setting and is relevant to the
design of future clinical trials.

Materials and methods

Patients

Eligibility required age$18 years, recurrent and/or refractory CD201

NHL involving brain, CSF/meninges and/or intraocular compartments,
HIV negativity, anticipated survival.1month, granulocytes.1.53109/L,
platelets.503 109/L, total bilirubin,1.53 upper limit of normal (ULN),
transaminases ,33 ULN, and creatinine clearance $60 mL/min. In
patients receiving glucocorticoids, dose could not increase 96 hours
before initiation of therapy. No patient could receive methotrexate,
thiotepa, cytarabine, investigational agents, or rituximab within 30 days
of treatment. All patients received thromboprophylaxis with aspirin
and/or warfarin. An Ommaya reservoir was used to facilitate rituximab
dosing and restaging in each patient. All patients, both in the phase
1 study and the retrospective analysis, signed informed consent
indicating that they were aware of the investigational nature and
potential risks and benefits of the study in accordance with national
regulatory and review boards, the University of California San
Francisco institutional review board/Committee on Human Research,
and the Declaration of Helsinki.

Study design

The phase 1 study incorporated 2 treatment modules to assess
safety, feasibility, and CSF penetration of lenalidomide as mono-
therapy (treatment 1) and in combination with intraventricular
plus intravenous rituximab (treatment 2) in recurrent CNS NHL.
Lenalidomide safety and activity was evaluated in the absence of
rituximab, using 3 1 3 dose-limiting toxicity (DLT) assessments, to
enable clear attribution of response and toxicity symptoms. The original
design was to evaluate safety and activity of lenalidomidemonotherapy
at 3 dose levels: 10, 20, and 30 mg, administered orally daily for 3
weeks (days 1-21) followed by 1 week off, during which patients were
restaged (days 22-28). The design planned for 3 patients to be
enrolled at this dose level. If no DLT was observed through the first
month of lenalidomidemonotherapy (cycle 1), then the plan called for 3
patients to be enrolled at the next higher dose level of 20 mg/d (dose
level 2). Treatment was escalated to the next higher dose level if no
DLT occurred during the first month of therapy; however, if 1 drug-
related DLT occurred in these 3 patients, the cohort was expanded to
6 patients to continue to assess that dose level. If the toxicity rate
reached 33% in a cohort ($2 of 6 patients), this dose level was
determined a priori to be considered the nontolerated dose. The next
lower dose level, the MTD, was determined to be the recommended
phase 2 dose (as long as the toxicity rate was ,33%).

Each patient was examined and evaluated for toxicity on a weekly
basis for at least the first 4 months of protocol-based therapy.
Baseline and repeat Mini-Mental Status Examinations26 were
performed monthly (supplemental Table 2). Each patient on trial
was discussed on a weekly basis at the University of California San
Francisco Helen Diller Family Comprehensive Cancer Center
Phase 1 Trial Committee to review adverse events, their attribution,
and to review and evaluate responses.

DLT was determined during the first month of treatment 1 with the
goal to identify the MTD at which fewer than one-third of patients
experience a DLT. Evaluation for DLT required that patients receive
.75% of planned lenalidomide dose level during the first month. DLT
was defined as any grade 3 neurologic toxicity or grade 4 neutropenia
related to lenalidomide lasting .7 days despite growth factor support
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or thrombocytopenia ,25 3 109/L despite platelet transfusion during
treatment 1. Additionally, any grade 3 or 4 nonhematologic toxicity
considered related to lenalidomide was considered DLT, with exclusion
of fatigue, rash, thrombosis, or constipation.

Patients with stable disease or better after 1 month of treatment 1
proceeded to a secondmonth of lenalidomide monotherapy (Figure 1).
After 2 months of lenalidomide monotherapy at the assigned dose,
patients with stable disease, partial, or complete responses
(CRs) continued lenalidomide with restaging every 4 weeks, and if
stable beyond 4 months, with restaging every 2 months. Patients
who exhibited disease progression during treatment 1 proceeded to
treatment 2. Patients with disease progression during treatment 2 went
off study.

In treatment 2, cycle 1, lenalidomide was provided on days 1
through 21 with combined intravenous plus intraventricular
rituximab administered on days 1, 8, 15, and 22. Intraventricular
rituximab (25 mg/dose)24 was administered via an Ommaya
reservoir 1 hour after initiation of intravenous rituximab infusion.
During subsequent monthly cycles of treatment 2, patients received
lenalidomide on days 1 through 21 plus intraventricular rituximab
only, every 2 weeks, until disease progression. Restaging was
performed monthly. Response criteria were as defined previously.27

Lenalidomide pharmacokinetic analysis

Blood and CSF pharmacokinetic samples were obtained before
lenalidomide dose at days 1, 15, and 22 for pharmacokinetic
studies. CSF (atraumatic, from Ommaya reservoir) and blood were
processed by centrifugation and supernatants stored immediately
at 280°C for tandem liquid chromatography mass spectrometry.
The analytical methods of lenalidomide quantification are as described
elsewhere.28,29 Lenalidomide standard curves were linear (r2 . 0.98)
from 0.5 to 100 ng/mL and 5 to 1000 ng/mL in CSF and plasma,
respectively. All pharmacokinetic samples were analyzed at Quest
Pharmaceutical Services.

CSF metabolomic analysis

To identify candidate metabolomic biomarkers of CNS lymphoma,
CSF from 14 control subjects without brain tumors and 14 subjects
with CNS lymphoma were processed as described previously and
subjected to metabolite identification/quantification using ultra high-
performance liquid chromatography or gas chromatography and
tandem mass spectrometry with Metabolon.30 CSF lactate in phase
1 trial subjects was quantified by Beckman Coulter Unicell Dxc 800
Clinical Chemistry Analyzer. Quantification of kynurenine and
tryptophan in CSF in trial subjects was performed as described
previously.31

Results

Phase 1 trial patient characteristics

Baseline characteristics of the 14 phase 1 trial subjects are
summarized in Table 1. Median age was 66 years (range, 47-79),
including 5 males and 9 females. Median Eastern Cooperative
Oncology Group level was 2 (range, 1-4). Subjects had disease
involvement in each relevant CNS compartment: 5 had intraocular
involvement, 7 had CSF/leptomeningeal disease, and 10 had brain
parenchymal involvement. Six had relapsed PCNSL (DLBCL) and 8 had
relapsed secondary CNS lymphoma, including 3 with active systemic
lymphoid malignancy. Two had concomitant chronic lymphocytic

leukemia (CLL), including 1 with extensive leptomeningeal plus systemic
involvement (peripheral lymphocyte count, 103 3 109 cells/L) plus
secondary DLBCL involving the CSF and optic nerves. One patient had
marginal zone lymphoma with dissemination in brain, cauda equina,
lymph nodes, bone marrow, and spleen. Subjects in this study
experienced disease progression after a median of 3 prior treatment
regimens (range, 2-7).

Phase 1 trial toxicities

In general, lenalidomide was well-tolerated as monotherapy and
with rituximab, with no unexpected toxicities (supplemental Table 1).
Two toxicities met DLT criteria at the 20-mg dose. Patient 6
experienced grade 3 confusion, possibly related to lenalidomide,
and patient 10, with concomitant CLL, developed Streptococcus
pneumoniae bacteremia (grade 4 infection without neutropenia).
Ultimately, this patient’s CNS lymphoma responded to lenalidomide
after dose reduction to 10 mg/d; protocol-based therapy was
continued for 14 months.

Because 2 DLT were detected at 20 mg/d, a dose level at which each
patient exhibited clinical responses to lenalidomide, and because we
had determined that CSF penetration of lenalidomide at 20 mg/d was
superior to the 10 mg/d dose level, the protocol was modified to
evaluate an intermediate dose, 15 mg/d, at which there were no DLT.
Overall, during the course of treatment 1 administrations among 14
patients, there were 3 $grade 3 infections: 1 recurrent urinary tract
infection, 1 S pneumoniae, and 1 grade 3 zoster. Two of these
infections involved patients with transformed CLL.

Five patients progressed on lenalidomide monotherapy and received
treatment 2 for a total 30 administrations of intraventricular rituximab,
18 with concomitant intravenous rituximab. Treatment 2 was associated
with only 1 serious adverse event: recurrent pneumonia that resolved
with antibiotics and prompted dose reduction of lenalidomide from
15 to 10 mg/d and of intraventricular rituximab to 10 mg/d (patient 12).

There were no thromboembolic events, and although 2 patients
succumbed to progression of lymphoma within 30 days of treatment,
there were no treatment-related deaths. Patient 9 discontinued therapy
at 1 week because of persistent frailty that made weekly transportation
to the clinic impossible.

CSF penetration of lenalidomide

A total of 34 time-matched plasma-CSF sample pairs were collected at
trough time points (;16 hours after lenalidomide dose). Plasma
lenalidomide concentration ranged from 0 to 220 ng/mL, consistent
with its rapid clearance and plasma half-life of 3 to 4 hours.32

Lenalidomide was detected in ventricular CSF in 10 of 13 patients and
in 65% of CSF specimens. CSF concentration of lenalidomide ranged
from 0 to 16.68 ng/mL, with a mean trough concentration of 4.9 ng/mL.

The CSF/plasma ratio, calculated based on the 23 matched
plasma-CSF pairs in which lenalidomide concentration was .0 in
plasma, ranged from 0% to 49%. Although the highest concentra-
tions of lenalidomide were detected at the 15-mg dose level, this is
explained by the 25% to 60% interindividual variation in plasma area
under the curve that has been established in normal individuals.32

We also observed dose-dependent increases in CSF penetration
of lenalidomide. Lenalidomide was detected in CSF in 1 patient
in the 10-mg cohort, yielding an estimated CSF/plasma partition
coefficient of 10%. At 15 mg, mean trough CSF/plasma partition
coefficient for lenalidomide was 20.4%, based on 11 time-matched
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plasma and CSF specimens obtained from each of 4 patients. The
mean trough CSF/plasma partition coefficient for lenalidomide at
20 mg was similar, 25.5%, based on 12 matched plasma and CSF
specimens obtained in which lenalidomide was detected in CSF in
5 of 6 patients (Table 2).

Phase 1 trial clinical responses

Lenalidomide had significant activity in relapsed, refractory primary
and secondary CNS lymphoma patients. By intention to treat, the
overall response rate to lenalidomide monotherapy was 64%: 9 of
14 patients who received lenalidomide exhibited regression of CNS
lymphoma. Among patients with brain parenchymal lymphoma, response
rate was 60% (6 of 10 patients). Among patients with leptomeningeal
disease, CR to lenalidomide was 33% (2 of 6 patients), confirmed by
$3 consecutive, weekly repeat CSF analyses using both flow cytometry
and cytology (supplemental Figure 4). Lenalidomide monotherapy was
active in intraocular lymphoma in 2 of 4 patients, each with biopsy-proven
vitreoretinal disease, who experienced durable regressions of lym-
phoma, without steroids, as confirmed by complete ophthalmologic
examinations. Notably, 6 of 9 patients who had regression of

relapsed CNS lymphoma with lenalidomide experienced response
durations $9 months; in 4 of these patients, the response duration
to lenalidomide monotherapy exceeded 18 months (Figure 1)

Although treatment 2, administered to 5 patients after lenalidomide
failure, yielded only 1 partial response lasting 4 months (patient 1),
3 patients in this cohort (patients 5, 7, and 12) had previously
demonstrated primary resistance to rituximab-containing regimens
in absence of lenalidomide.

CSF IL-10 as a pharmacodynamic biomarker

of lenalidomide

We and others previously demonstrated that high CSF interleukin-10
(IL-10; .45 pg/mL) is associated with adverse prognosis in CNS
lymphoma at diagnosis and that IL-10 concentration serially correlates
with clinical response and/or progression.33,34 We therefore evaluated
this biomarker in the lenalidomide/rituximab trial. CSF IL-10 was
detected by enzyme-linked immunosorbent assay in ventricular CSF
in 13 of 14 patients at pretreatment baseline at a median concentration
of 165 pg/mL (range, 0-5212 pg/mL). Objective changes in CSF
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Figure 1. Phase 1 design and response duration to lenalidomide, lenalidomide/rituximab, and CSF IL-10 as a pharmacodynamic biomarker of response. (A)

Protocol schema. (B) Swimmer plot of response duration to lenalidomide monotherapy (treatment 1) and to lenalidomide plus rituximab (treatment 2). Y-axis, study subjects and assigned

dose level; x-axis, months on protocol; vertical white lines, dose reduction of lenalidomide. Only 3 of the 9 patients that responded to lenalidomide monotherapy received concomitant

dexamethasone. Median OS for the 14 patients is 15.5 months. (C) Y-axis (left in blue), change in CSF IL-10 at 1 month compared with baseline; y-axis (right in yellow), PFS on

lenalidomide plus rituximab, in months. There was an inverse correlation between the magnitude of change of IL-10 in CSF at 1 month restaging compared with baseline with response

duration to lenalidomide. CSF concentration of IL-10 was determined at pretreatment baseline by enzyme-linked immunosorbent assay (Becton Dickenson) and at 1 month restaging.

IL-10 was detected in pretreatment CSF specimens in 13 of 14 patients (92.8%). (CSF IL-10 was not detected at baseline in patient 10, who had CNS DLBCL transformed from CLL.)

(D) The inverse correlation between magnitude of change of IL-10 in CSF with response duration to lenalidomide is significant, as demonstrated by Spearman correlation P , .0007 and

r 5 20.84. IO, Intra-Ommaya; LR, lenalidomide/rituximab; OS, overall survival; PFS, progression-free survival; PD, progressive disease; PR, partial response; SD, stable disease.
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IL-10 concentration compared with pretreatment baseline reassuringly
corroborated the clinical assessment of response to lenalidomide
(including changes in IL-10 in the CSF that were in agreement with
clinical response within the intraocular compartment) made by magnetic
resonance imaging (MRI) scan, ophthalmologic examination, or de-
tection of lymphoma cells in CSF. We also noted a significant inverse
correlation between the fold-change of IL-10 concentration at 1 month
compared with baseline with time to progression to lenalidomide
and/or lenalidomide/rituximab (P , .0007; r 5 20.84; Spearman
correlation) (Figure 1) This finding supports CSF IL-10 as a novel,
early pharmacodynamic biomarker of response to lenalidomide in
CNS lymphomas.

Identification of CSF metabolomic biomarkers

To gain insight into pathogenesis of CNS lymphoma and to identify
novel prognostic biomarkers, we performed differential metabolo-
mic profiling of CSF of 14 control subjects with nonmalignant
conditions and 14 independent patients with CNS lymphoma
(Figure 2; supplemental Table 3). Of 145 metabolites analyzed, 36
were significantly upregulated in CNS lymphoma (P , .05); these
were principally involved in energy metabolism pathways, including
lactate; purine metabolism, including 5-methylthioadenosine; and
amino acid metabolism, including kynurenine. Although the highest
CSF levels of lactate, 5-methylthioadenosine, and kynurenine
were in the subset of patients with relapsed CNS lymphoma
with leptomeningeal involvement, each of these metabolites was
significantly elevated in the cohort of CSF collected from PCNSL
patients at diagnosis compared with CSF from control subjects
without neoplastic conditions.

Given the importance of Warburg metabolism in the pathogenesis of
lymphoma,35 we evaluated the prognostic significance of CSF lactate
in the context of relapsed CNS lymphoma. We determined lactate
concentrations in ventricular CSF in pretreatment specimens in 33
patients with relapsed CNS lymphoma that participated in 3 indepen-
dent phase 1 immunotherapy trials involving rituximab,24 methotrexate
plus rituximab,25 and lenalidomide plus rituximab. Median baseline
lactate concentration in ventricular CSF in these patients was
2.4 mmol/L (range, 1.2-9). Patients with elevated lactate in ventricular
CSF (.2.8 mmol/L, ULN of CSF lactate36,37) experienced shorter
overall survival in each of these individual trials compared with patients
with normal lactate at baseline. In aggregate, relapsed CNS lymphoma
patients with elevated CSF lactate exhibited significantly shorter overall
survival: P , .0001 (Figure 2B). High CSF lactate also correlated
with shorter progression-free survival in relapsed CNS lymphoma
subjects treated with lenalidomide monotherapy (Figure 2C).

Given that kynurenine is a metabolite of L-tryptophan, via degrada-
tion by indoleamine-2,3 dioxygenase (IDO), and that IDO activity
mediates suppression of T-cell function,38 we evaluated this pathway
in CNS lymphomas and in the context of the lenalidomide trial. We

first demonstrated marked upregulation of IDO1 transcripts in
diagnostic specimens of PCNSL and identified IDO1 protein
expression by lymphoma and tumor-associated macrophages in 19
of 20 cases of newly diagnosed PCNSL (Figure 3A-C; supplemental
Table 4).

High serum kynurenine and increasing kynurenine/tryptophan (K/T)
ratios are established biomarkers of IDO activity and correlate
with tumor aggressiveness in a variety of malignancies.39-43 In
particular, in aggressive lymphomas, baseline elevated kynur-
enine concentration in serum has reproducibly been demon-
strated to be an independent adverse prognostic factor
associated with short overall survival in both systemic DLBCL
(kynurenine concentration, .1.5 mM)43,44 and in adult T-cell
leukemia/lymphoma (kynurenine concentration, .2 mM).45 We
performed serial analysis of kynurenine and tryptophan concen-
trations in ventricular CSF in phase 1 subjects treated with
lenalidomide. Median pretreatment kynurenine concentration
was 1 mM (range, 0.3-3.6). Four patients (patients 5, 9, 11, and
12) had baseline pretreatment CSF kynurenine concentrations
.1.5 mM (range, 2.8-3.6). Overall survival for this cohort was
shorter than for CNS lymphoma patients whose baseline CSF
kynurenine concentration was ,1.5 mM (P 5 .0009), in
agreement with kynurenine prognostic cut-points established in
systemic aggressive lymphomas. We also detected increasing
CSF K/T ratios in 3 patients who had low CSF kynurenine at
baseline and in whom CSF kynurenine levels exceeded the serum
kynurenine high-risk benchmark of 1.5 mM at the time of tumor
progression on lenalidomide monotherapy: within the first
2 months (patients 6 and 7) and at 21 months (patient 3)
(Figure 3D-E). Although the sample size is small, taken together,
these results agree with previous observations that elevated
kynurenine concentration as a biomarker correlates with short
survival in aggressive lymphoma and suggest that IDO activity in
the CNS lymphoma microenvironment may contribute to
therapeutic resistance to lenalidomide.

Lenalidomide maintenance after salvage in recurrent

CNS lymphoma

Beginning in 2010, as an alternative to whole brain irradiation
or dose-intensive chemotherapy, we began to provide low-dose
lenalidomide maintenance (5-10 mg/d) after salvage therapy for
patients with relapsed, refractory CNS DLBCL (Table 3). Retro-
spective analysis of an independent cohort of 10 consecutive
relapsed PCNSL patients (median age, 61.5 years; range, 45-81)
reveals that the median response duration in CR 2 through 5
(after 1-4 previous relapses) with lenalidomide maintenance were
$6 times longer than response duration after CR 1 with standard
induction therapies (P 5 .008) (Figure 4). Before lenalidomide,
each of these patients received salvage therapy with either repeat

Table 2. Lenalidomide trough concentrations in CSF and plasma (16 h after dose)

Dose, mg/d Plasma concentration, ng/mL CSF concentration, ng/mL Ratio, %

10 2.07 (2.94); n 5 10 0.05 (0.16); n 5 10 2.42 (4.84); n 5 4

15 48.7 (45.2); n 5 11 7.37 (3.04); n 5 11 20.4 (8.20); n 5 11

20 24.8 (59.1); n 5 13 2.97 (3.03); n 5 13 25.5 (19.6); n 5 8

Data in the table are shown as mean (standard deviation) with n 5 number of samples. Concentration below the detection limit is assigned as 0 for plasma and for CSF samples. Ratio is
calculated based on the time-matched blood and CSF samples from the same subject.
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Metabolites

RelapsedNewly Diagnosed

kynurenine
ascorbate (Vitamin C)
succinate
7-alpha-hydroxy-3-oxo-4-cholestenoate (7-Hoca)
proline
pyruvate
p-cresol sulfate
3-(4-hydroxyphenyl)lactate
phenylacetylglutamine
4-methyl-2-oxopentanoate
N-acetylaspartate (NAA)
alpha-ketoglutarate
propionylcarnitine
acetylcarnitine
carnitine
methionine
phenol sulfate
lactate
4-acetamidobutanoate
2-aminobutyrate
alanine
2-hydroxybutyrate (AHB)
isobutyrylcarnitine
betaine
3-methyl-2-oxovalerate
tyrosine
asparagine
5-methylthioadenosine (MTA)
isoleucine
urate
glycerol 3-phosphate (G3P)
hydroxyisovaleroly carnitine
cis-aconitate
N-acetyl-beta-alanine
dimethylarginine (SDMA + ADMA)
N6-carbamoylthreonyladenosine
creatine
N-acetyl-aspartyl-glutamate (NAAG)

Log2 FC Pval

0.0042.081
3.697
1.986
1.973
2.039
1.715
1.623
1.454
1.420
1.388
1.362
1.531
1.229
1.138
1.060
0.979
0.958
0.836
0.788
0.772
0.760
0.759
0.757
0.735
0.722
0.701
0.628
0.541
0.501
0.493
0.491
0.488
0.459
0.434
0.427
0.339
0.299

-0.922

0.026
0.023
0.002
0.042
0.009
0.005
0.001
0.002
0.027
0.018
0.088
0.001
0.002
0.001
0.000
0.005
0.001
0.002
0.005
0.006
0.005
0.032
0.031
0.002
0.009
0.040
0.002
0.016
0.050
0.014
0.000
0.050
0.021
0.029
0.025
0.000
0.011
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Figure 2. Identification of candidate CSF metabolic biomarkers in CNS lymphoma. (A) Relative quantification of metabolites in CSF in 14 control subjects without brain

tumors and 14 independent patients with CNS lymphoma are presented in the heat map. Of 145 metabolites analyzed, 36 were significantly upregulated in CNS lymphoma (P , .05,

Wilcoxon test). Notably, among the upregulated metabolites in CSF in CNS lymphoma, lactate and kynurenine were most significantly increased in patients with active leptomeningeal

lymphoma. In addition, CSF from CNS lymphoma patients contained an increased ratio of kynurenine/tryptophan, indicative of activation of indoleamine-2,3 dioxygenase in CNS

lymphoma (fold-change 2.3, P , .039). Using a standardized quantitative assay for CSF lactate (Beckman Coulter Unicell Dxc 800 Clinical Chemistry Analyzer), we confirmed

upregulated CSF lactate by more than twofold in an independent validation set of 8 CNS DLBCL vs 8 nonneoplastic controls (P , .0015) (supplemental Figure 2). We also

determined that elevated baseline CSF lactate (.ULN 2.8 mmol/L), correlated with short PFS (P 5 .0129) as well as OS (P 5 .004) in relapsed CNS lymphoma patients treated with

lenalidomide monotherapy. We determined lactate concentrations in ventricular CSF in pretreatment specimens in 33 patients with relapsed CNS lymphoma that participated in 3

independent phase 1 immunotherapy trials involving rituximab (8/10 pretreatment specimens),24 methotrexate plus rituximab (11/14 pretreatment specimens),25 and lenalidomide plus

rituximab (all 14 pretreatment specimens). Median baseline lactate concentration in ventricular CSF in these patients was 2.4 mmol/L (range, 1.2-9). Patients with elevated lactate in

ventricular CSF (.2.8 mmol/L, ULN of CSF lactate) experienced shorter overall survival in each of these individual trials compared with patients with normal lactate at baseline. In

aggregate, patients with elevated CSF lactate (12 patients) exhibited significantly shorter OS compared with patients with low CSF lactate (22 patients) P , .0001. (B) High CSF

lactate also correlated with shorter progression-free survival in relapsed CNS lymphoma subjects treated with lenalidomide monotherapy. (C) By contrast, serum LDH at baseline did

not significantly correlate with PFS or OS (not shown). Notably, pretreatment baseline, matched CSF, and plasma lactate concentrations were compared in 7 lenalidomide/rituximab

trial subjects: in 5, the concentration of lactate in CSF was higher (median, 1.9-fold higher) than the concentration of lactate in plasma.
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Figure 3. Expression of IDO1 in PCNSL and IDO activity and response to lenalidomide in relapsed CNS lymphoma. (A) Quantitative reverse transcription

polymerase chain reaction demonstrated increased expression of IDO1 transcripts in 10 cases of PCNSL (DLBCL) compared with 3 cases of nonneoplastic brain (P , .014,

Wilcoxon test). Immunohistochemistry using a-IDO-1 antibody (Abcam clone 55305, with diaminobenzidine detection, hematoxylin counterstain) demonstrated IDO-1

expression in 19/20 cases of newly diagnosed PCNSL (supplemental Table 4). In 12 of these, IDO1 immunoreactivity was exhibited by (B, 31000 .40% of lymphoma cells)

and (C, 3400) tumor-associated macrophages. These displayed dendritic morphology and coexpressed CD163, a marker of alternative activation (not shown). Elevated

baseline CSF kynurenine concentration (1.5 mM) correlated with shorter overall survival among the 14 phase 1 trial subjects as well as shorter progression-free survival with
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intravenous methotrexate, at the same doses used during prior
induction, or with focal (not whole brain) irradiation, an un-
conventional salvage approach that is usually considered in-
adequate in PCNSL because of its multicentric and infiltrating
nature, particularly at relapse.46,47 Low-dose lenalidomide main-
tenance after salvage has been well-tolerated with no infectious
complications and survival for this cohort has been encouraging.
Thus far, only 1 patient has progressed to receive whole brain
irradiation and 4 have succumbed to DLBCL (Figure 4).

Discussion

To our knowledge, this is the first study to demonstrate significant
activity of lenalidomide monotherapy in relapsed, refractory CNS
lymphomas. Responses to lenalidomide were detected at each dose
level in 9/13 evaluable patients and in brain, CSF, and intraocular
compartments. Six patients maintained responses to lenalidomide for
$9 months and 4 maintained responses $18 months. Although
3 responding patients received lenalidomide in combination with

Figure 3. (continued) lenalidomide. (D-E) We also detected increasing CSF kynurenine/tryptophan ratios in 3 patients who had low CSF kynurenine at baseline and in whom

CSF kynurenine levels exceeded the high-risk benchmark of 1.5 mM at tumor progression. Serial quantification of the K/T ratio in CSF in lenalidomide/rituximab trial subjects

demonstrated that changes in IDO activity correlated with early progression and/or response to lenalidomide in 10 of 13 evaluable patients. Representative examples are

shown: axial-T1 postgadolinium MRI scan demonstrating CNS lymphoma progression during first month of lenalidomide in patient 2: pretreatment (F) at baseline and (G)

1 month. The CSF K/T ratio at 1 month increased by nearly threefold compared with baseline during this interval. (H) MRI scan showing progressive regression of CNS

lymphoma in response to lenalidomide monotherapy in patient 5: pretreatment (I) at baseline, (J) at 1 month, and (K) 2 months. (L) The CSF K/T ratio declined by .50% during

the first 2 months of lenalidomide therapy in this patient. mRNA, messenger RNA.

Table 3. Characteristics of the 10 patients with relapsed PCNSL that received maintenance lenalidomide in CR 2 through 5, after salvage

therapy with either high-dose methotrexate or focal irradiation

Pt Age/sex Original dx Disease site at dx and relapse ECOG Therapy Response duration, mo

1 45/F PCNSL Dx: occipital mass 3 MT-R 1 EA CR: 2

Progression 1: basal ganglia mass 2 g Knife 1 lenalidomide maintenance (10 mg/d) CR: 12

2 81/F PCNSL Dx: frontal mass 3 MT-R (5 g/m2 HD-MTX) CR: 1

Progression: Frontal DLBCL Mass 3 M-R (5 g/m2 3 4 doses HD-MTX) 1 lenalidomide
maintenance (5 mg/d)

CR: 391

3 75/M PCNSL/IOL Dx: bilateral IOL 1 CSF 3 MT-R 1 EA CR: 38

Progression 1: frontal lobe mass 3 MT-R (38 doses HD-MTX) 1 lenalidomide
maintenance (5 mg/d)

CR: 8

4 55/M PCNSL Dx: thalamic mass 2 MT-R 1 EA CR: 7

Progression 2: thalamus/basal ganglia masses 2 MT-R (38 doses HD-MTX) CR: 8

Progression 3: thalamus/basal ganglia 2 MT-R (38 doses HD-MTX) CR: 3

Progression 4: thalamus/basal ganglia 3 MT-R (38 doses HD-MTX) PR: 2

Progression 5: thalamus/basal ganglia 3 IFRT 30.6 Gy/17 fx 1 lenalidomide maintenance
(5 mg alternating with 10 mg/d)

CR: 321

5 38/F PCNSL Dx: multifocal brain lesions 3 MT-R 1 EA CR: 2

Progression 1: IOL 1 M-R X 3 doses1 lenalidomide maintenance (10 mg/d) CR: 9

6 48/F PCNSL Dx: basal ganglia 2 MT-R 1 EA CR: 4

Progression 1: thalamus/basal ganglia 2 MT-R 1 ASCT (TT, Carbo, VP16) CR: 3

Progression 2: Thalamus/basal ganglia 3 M-R 4 cycles1 lenalidomide maintenance (10 mg/d) CR: 13

7 61/M PCNSL Dx: left temporal lobe mass 2 MT-R 1 EA CR: 10

Progression 1: thalamus mass 3 M-R 3 8 doses PR: 1

Progression 2: thalamus mass 3 IFRT followed by lenalidomide maintenance (5 mg/d) PR: 2

8 78/F PCNSL Dx: frontal mass 2 MT-R (4 g/m2) CR: 1

Progression 1: frontal mass 2 GK 1 lenalidomide maintenance (5 mg/d) CR: 6

9 61/F PVRL Dx: B IOL 2 MT-R 1 EA, vitrectomy CR: 1

Progression 1: B IOL 2 IFRT 1 HD-MTX 3 3 doses HD-MTX CR: 9

Progression: 2: frontal mass 2 GK followed by lenalidomide maintenance (5 mg
alternating with 10 mg QOD)

CR: 251

10 73/F PCNSL Dx: temporal lobe 2 R-MPV 1 EA (3.5 mg/m2) CR: 10

Progression 1: bilateral IOL 2 M-R (1.5-3 mg/m2 3 6 doses HD-MTX) followed by
lenalidomide maintenance (5 mg/d)

CR: 151

Carbo, carboplatin; IF-RT, involved field radiotherapy; TT, thiotepa.
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dexamethasone, each had previously experienced CNS lymphoma
progression with dexamethasone with prior chemotherapies. Toxicity,
including neurotoxicity, was as anticipated for lenalidomide in
lymphoid malignancy, and manageable, although the Mini-Mental
Status Examination has limited sensitivity compared with more
extensive neurocognitive batteries.48

Notably, the CSF penetration of lenalidomide did not appear to
require a disrupted blood–brain barrier, because lenalidomide was

detected in ventricular CSF in 2 patients (treated at 10- and 20-mg
dose levels) who had no radiographic or cytologic evidence of
brain or leptomeningeal disease; each had normal CSF protein
concentration. This information may be relevant to the management
of patients with systemic aggressive lymphoma who are at risk for
CNS relapse, as well as for patients with plasma cell neoplasms.
Given the similar trough CSF concentrations for lenalidomide at 15-
and 20-mg/d dose levels, and that DLT was observed at 20 mg
dose, our study supports the recommended starting dose of
lenalidomide 15 mg/d in treatment of relapsed CNS NHL.

Our rationale to carefully investigate the safety and CSF penetration
of lenalidomide via 3 1 3 dose escalation as monotherapy in the
CNS lymphoma patient population is supported by the experiences
of other recent phase 1/2 studies of targeted agents in relapsed
CNS lymphoma. For example, a potentially lethal and unanticipated
toxicity of ibrutinib monotherapy in CNS lymphoma has reproducibly
been demonstrated in each prospective investigation of ibrutinib
in the CNS lymphoma population the development of invasive
aspergillosis involving the brain and lungs.49,50 We did not detect
invasive aspergillosis in association with lenalidomide in either the
phase 1 trial or in the retrospective lenalidomide maintenance
cohort. In addition, toxicities experienced in a recent phase 2 study
of temsirolimus, an mTOR inhibitor, were considerable, with 13.5%
treatment-related mortality and an 18.9% rate of severe infections,51

notably higher than the 9% rate of severe infections detected with
temsirolimus in mantle cell lymphoma.52

We demonstrate that CSF lactate is a novel metabolic biomarker
of CNS lymphoma that may be valuable in discriminating CNS
lymphoma patients likely to benefit from lenalidomide. We hypothesize
that high lactate may impair antitumor immune responses mediated
by infiltrating myeloid, natural killer, and T cells within the tumor
microenvironment.53-55 (supplemental Figure 1). Given that deter-
mination of lactate concentration in CSF is a clinically validated and
inexpensive test, incorporation of CSF lactate measurements could
be integrated in future clinical investigation of CNS lymphoma (and
other brain tumors) for prognostication, risk stratification, and
interstudy comparisons.

In addition, we provide evidence for the activation of the IDO
pathway in CNS lymphomas, raising the possibility that IDO may
contribute to early resistance to lenalidomide. Notably, IDO1
expression is adversely prognostic in systemic DLBCL43,44 and
IDO activity antagonizes CD19 CART cell therapy.56 Given the
emergence of IDO inhibitors in immuno-oncology,57 these data
suggest their potential integration in future studies in combination
with immunomodulatory drugs, CD19-CART cells, and/or check-
point blockade in CNS lymphoma. Additional immunosuppressive
metabolites and peptides identified and/or characterized in the
CNS lymphoma microenvironment in this study and that represent
potential targets include IL-10,58-60 5-methylthioadenosine,61,62

and dimethylarginine.63,64

Although the biomarker and response data need to be considered
in the context of small sample size of an early-phase trial, the
combined results from phase 1 investigation plus a parallel analysis
of low-dose lenalidomide maintenance in independent patients
support the relevance of these data to the design of future studies.
Notably, based on the lenalidomide maintenance data presented
in this study, 2 randomized phase 2 studies are in development
to evaluate low-dose lenalidomide maintenance in older PCNSL
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Figure 4. Lenalidomide maintenance after salvage in recurrent PCNSL.

(A) Retrospective analysis of cohort of 10 relapsed PCNSL patients (median age,

61 years), reveals that the median response duration in CR 2-5 (after 1-4 previous

relapses) with lenalidomide maintenance (5-10 mg/d; days 1-21/cycle) is $6 times

longer than response duration after CR 1 in these patients with disease relapsing

after standard induction therapies (P , .008; 95% confidence interval of ratio,

2.2-19.4). For 8 of these 10 patients with relapsed PCNSL, the longest response

duration achieved with any intervention has been with lenalidomide maintenance.

Five patients received salvage treatment with focal irradiation only, before lenalidomide

(supplemental Figure 3), and 5 were retreated at last salvage with high-dose

methotrexate at the same doses used during induction, before lenalidomide

(Table 3). (B) Median overall survival is 45 months. With a median follow-up of 12.5

months, thus far, only 1 patient has progressed on lenalidomide to receive whole

brain irradiation and 4 have succumbed to DLBCL. Patients on maintenance

lenalidomide were closely monitored and examined in the clinic on an at least

monthly basis for the first year, with restaging studies performed as indicated and

with similar frequency as after previous therapies. Restaging MRI scans of the brain

were performed in all 10 patients with a mean frequency of every 3.65 months;

ophthalmologic examinations were performed for 6 patients at highest risk for ocular

relapse (patients 1, 3-5, and 9-10) with a mean frequency of every 4 months

(supplemental Table 5).
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patients after induction, in lieu of intensive consolidation. In
addition, given the potential of PD1 checkpoint blockade in CNS
lymphoma,65 a study is in development to evaluate IDO antagonism
in combination with anti-PD1 therapy. Further validation of CSF
lactate, the IDO pathway, and other candidate targets are key
correlatives of this study.
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