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Intrathecal nivolumab in metastatic solid 
tumors with leptomeningeal disease: dose 
escalation part of the multicenter  
IT-PD1/NOA-26 phase 1 trial
 

Leptomeningeal metastatic disease (LMD) of solid tumors represents a 

cancer stage with high unmet therapeutic need. Here we report results 

from the dose escalation part of a multicenter phase 1 trial investigating 

intraventricular nivolumab, now continuing in the expansion part. Eligible 

participants had LMD from tumors with an approval for intraveneous PD1/

PDL1 therapy or high tumor mutational burden. The primary endpoint 

was safety across four dose levels (20, 30, 40 and 50 mg) with each 

cohort reviewed by an independent data safety monitoring board before 

escalation. The secondary endpoint was overall survival. Exploratory 

endpoints included participant-reported outcome measures. Of 30 

enrolled participants, 24 received at least one dose (intention-to-treat 

population) and 18 completed predefined safety evaluations (per-protocol 

population). One dose-limiting toxicity occurred at 40 mg. The primary 

endpoint was met and the recommended fixed dose for the ongoing 

expansion part is 50 mg. Median overall survival (OS) was 6.6 months. The 

6-month, 12-month and 18-month OS rates were 55.0% (95% confidence 

interval (CI): 37.5–80.6%), 33.3% (95% CI: 17.8–62.4%) and 16.7% (95% CI 

6.03–46.1%), respectively. Participant-reported quality of life remained 

stable. Intraventricular nivolumab has demonstrated safety and feasibility 

(ClinicalTrials.gov: NCT05112549).
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Metastatic involvement of the central nervous system (CNS) by solid 

tumors can manifest as parenchymal brain metastases or as leptome-

ningeal disease (LMD). LMD, also known as leptomeningeal carcinoma-

tosis, is a particularly aggressive and clinically challenging form of CNS 

dissemination. It occurs in approximately 5–10% of persons with solid 

tumors, most commonly arising from lung cancer, breast cancer or 

melanoma. The incidence of LMD is rising—likely because of improved 

systemic disease control and longer survival times, which allow for 

sanctuary site progression within the CNS. LMD remains associated 

with a dismal prognosis, with median OS ranging from 4 to 8 weeks 

following diagnosis1–4.

Current consensus guidelines5–7define two major subtypes: type I 

LMD, characterized by confirmed malignant cells in cerebrospinal fluid 

(CSF) cytology or positive biopsy; type II LMD, based on characteristic 

clinical signs (for example, cranial neuropathies, radiculopathies and 

encephalopathy) and/or magnetic resonance imaging (MRI) findings 

(leptomeningeal contrast enhancement), in the absence of cytological 

confirmation8,9. Furthermore, the clinical utility of liquid biopsies is 

under continuous investigations10 and circulating tumor DNA in CSF 

has been included as supportive and supplemental diagnostic tools in 

the recent National Comprehensive Cancer Network (NCCN) guideline.

This reflects both the biological complexity of LMD and the clinical 

challenges posed by these individuals, who are often heavily pretreated 

and present with rapidly progressive neurological decline. Current 

treatment recommendations—such as those provided by the NCCN—

stratify individuals into ‘good-risk’ and ‘poor-risk’ groups on the basis of 
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participants19,21,22. Glitza et al.23 recently reported on the IT administra-

tion route of nivolumab in melanoma-associated LMD.

Here, we report results of the dose escalation phase of the 

investigator-initiated phase 1 clinical trial IT-PD1/NOA-26, evaluating 

intrathecal administration of nivolumab in participants with LMD 

from various solid tumors, including nonmelanoma entities. Impor-

tantly, our trial systematically evaluates neurocognitive function, 

participant-reported psychological burden and health-related quality of 

life, critical endpoints that are highly relevant to participants’ daily func-

tion and care planning. Our findings offer insights into the feasibility of 

localized immune modulation in LMD and provide a rationale for further 

exploration of compartment-specific immunotherapy strategies.

Results
Clinical trial design and trial profile
We designed the IT-PD1/NOA-26 investigator-initiated phase 1 trial of 

intrathecal nivolumab in participants with LMD from solid tumors with 

a registration for intravenous medication with PD1 or PDL1 antibody in 

performance status, systemic disease control and neurological burden. 

Mainstay therapies include radiotherapy, intrathecal chemotherapy 

(for example, methotrexate and cytarabine), systemic therapies that 

cross the blood–brain barrier and best supportive care11,12. A few pro-

spective clinical trials have been conducted in this population including 

field and proton craniospinal irradiation13 and intrathecal therapy (IT) 

options with liposomal cytarabine, pemetrexed, patritumab deruxte-

can and trastuzumab14–18.

Recent efforts have investigated the role of immune checkpoint 

inhibitors (ICIs) in LMD and shown potential activity of these agents, 

despite the unique immunological and pharmacokinetic challenges 

within the leptomeningeal compartment. Brastianos et al. conducted 

a single-arm, open-label phase 2 trial of intravenous pembrolizumab in 

participants with LMD from solid tumors, demonstrating preliminary 

activity and safety19. Prakadan et al.20 characterized immune responses 

in the leptomeningeal tumor microenvironment during intravenous ICI 

therapy, identifying correlates of response. Naidoo et al. treated LMD 

with intravenous pembrolizumab, showing clinical benefit in selected 
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Fig. 1 | Trial design. a, This prospective, open-label, multicenter phase I trial 

included a 3 + 3 dose-escalation phase with four fixed-dose cohorts (20–50 mg) 

and an expansion cohort. Participants in part A were treated in a staggered 

manner, with DSMB safety reviews before each dose escalation. After cohort 4, 

the DSMB selected the dose for part B. Details are provided in the NOA-26 study 

protocol. b, After consent, eligibility was assessed during screening. Intrathecal 

nivolumab was administered at IMP visits 1–6 every 14 days (±3 days). Safety visits 

occurred 7 days after visit 3 (V3) and V6. Follow-ups (FUs) were performed every 

4 weeks. Participants with stable disease continued treatment until progression. 

After FU4, participants were followed every 6 months for 1 year.
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Europe. In a first amendment, we further included participants with a 

high tumor mutational burden (>10 mutations per Mb) (Methods and 

Supplementary Information).

This phase 1 trial comprises two parts: an intrathecal nivolumab 

dose escalation phase (part A, 3 + 3 design) and a dose expansion cohort 

(part B) with a fixed recommended dose (Fig. 1a). For part A, we used 

four dose levels: 20, 30, 40 and 50 mg. Given the 3 + 3 design for part 

A and four cohorts, the initial enrollment plan was to include 12–24 

eligible participants for safety assessment. The primary endpoint was 

safety, dose-limiting toxicity (DLT) and the definition of the maximum 

tolerable dose of IT nivolumab for Part B. The secondary endpoint was 

OS and exploratory endpoints included participant-reported outcome 

assessments (Methods).

Eligible participants were ≥18 years of age, provided written 

informed consent and had a good-risk profile according to NCCN guide-

lines (version 1.2021). Enrollment required confirmation by a tumor 

board of clinical indication for intrathecal (IT) therapy, potential need 

for systemic treatment and feasibility of study participation. Partici-

pants were required to have a Karnofsky performance score (KPS) > 50% 

and a confirmed diagnosis of LMD according to positive CSF cytology 

and/or MRI findings8. Thorough CSF evaluation, including exclusion 

of differential diagnoses, was mandatory. Repeated lumbar punctures 

were recommended if initial cytology was negative. Participants were 

required to be able to receive IT nivolumab through an intraventricular 

catheter. Female participants of childbearing potential and male par-

ticipants with female partners of childbearing potential were required 

to use highly effective contraception during treatment and for 150 days 

thereafter. Prior radiation therapy of the CNS, if performed, had to be 

completed ≥2 weeks before enrollment and ≥4 weeks before the first 

IT investigational medicinal product (IMP) dose (Methods).

Study treatment consisted of six IT applications of nivolumab every 

2 weeks followed by follow-up visits and long-term follow-up visits out-

side the trial (Fig. 1b). Participants who received at least one intrathecal 

nivolumab application were defined as the intention-to-treat (ITT) popu-

lation in the study protocol. Dropouts within the ITT population were 

defined if a participant after enrollment and before safety visit 1 suffered 

from tumor progression, death, withdrawal of informed consent or any 

other reasons, but without DLT. As predefined in the protocol, dropouts 

before safety visit 1 were replaced. The per-protocol (PP) population 

included those participants of the ITT who participated in safety visit 

1 and were eligible for safety and DLT assessment by the data safety 

monitoring board (DSMB).

From December 2021 through the data cutoff date April 22, 2025, a 

total of 30 participants consented; 24 participants fulfilled all inclusion 

and exclusion criteria and received at least one dose of IMP (ITT) and 

18 participants comprised the predefined PP population (safety visit 

1 population; Fig. 2). We had six dropouts and one DLT in dose level 3  

(40 mg) (individual participant summaries from NOA-26 in Supple-

mentary Information). The DSMB recommended three additional 

participants in the last dose level, in the absence of a DLT, to confirm 

the safety of 50 mg of nivolumab.

The primary analysis population was the PP population (Fig. 2). 

Baseline characteristics, OS and participant-reported outcomes were 

analyzed in the ITT population. Participant characteristics at baseline 

are outlined in Table 1. In brief, the median age was 50.5 years, the 

median KPS was 75%, most of the participants were female (n = 18) and 

primary tumor entities were melanoma, non-small cell lung cancer 

(NSCLC) and breast cancer (Table 1).

Safety assessments during intrathecal nivolumab dose 
escalation
Participants of the PP population received at least three intraventricular 

dosages and safety data at safety visit 1 were defining for the assess-

ment by the DSMB. The treatment was technically feasible in all cases 

without intraparticipant adjustment. Treatment-related adverse events 

(TRAEs) that were at least possibly related to intrathecal administration 

of nivolumab by the investigator were generally manageable and pre-

dominantly low-grade. The most frequent TRAEs included nausea (n = 9, 
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Fig. 2 | Trial profile. Profile of participant enrollment. The CONSORT checklist 

based on current guidelines36 is included in the Supplementary information.
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spanning grades 1 to 3), headache (n = 5, primarily grade 1), tingling in 

the feet and/or face (n = 6, all grade 1) and fever (n = 3, grade 1). Several 

participants experienced neurologic symptoms such as dizziness (n = 5, 

mostly grade 1 with one grade 3 event), double vision (n = 1, grade 1) and 

dysphasia (n = 3, all grade 3) (Table 2). Other low-grade events included 

fatigue, decreased appetite and intermittent meningism. These findings 

suggest an acceptable safety profile for IT nivolumab, with close moni-

toring warranted for neurological and hepatic adverse effects. One DLT 

occurred in cohort 3 participant NOA-26-013. Participant 01-013 received 

three IT administrations of nivolumab and completed safety visit 1. The 

participant developed a urinary tract infection leading to sepsis, followed 

by hepatic failure (common toxicity criteria (CTC) grade 4). This serious 

AE was rated as DLT and reported in an ad hoc DSMB meeting. The DSMB 

assessed the serious AE as likely related to IT nivolumab, potentially exac-

erbated by concurrent BRAF and MEK inhibition (individual participant 

summaries from NOA-26 in Supplementary Information).

AEs related to Ommaya reservoir
According to the inclusion criteria of the NOA-26 trial, participants were 

required to have a clinical indication for IT and an Ommaya reservoir  

in place before enrollment and treatment initiation. Consequently, 

implantation of the Ommaya reservoir was not considered a 

trial-specific procedure. Nonetheless, all AEs were assessed for a poten-

tial association with the reservoir. Three participants experienced 

serious AEs before IMP visit 1 administration that were attributed to 

the Ommaya reservoir. In participants NOA-26-005 and NOA-26-024, 

revision surgery was required because of device malfunction (Table 2); 

both events were graded as CTC grade 3. In addition, participant NOA-

26-006 developed headache following Ommaya reservoir implanta-

tion, classified as a CTC grade 3 event and managed with ibuprofen 

and metamizole (Table 2).

Clinical outcome parameters and participant-reported quality 
of life
As of the data cutoff on April 22, 2025, seven participants were alive 

and three participants of the dose level 4 cohort were still in the trial: 

NOA-26-027 and NOA-26-028 who were in follow-up and NOA-26-030 

who completed safety visit 1 and was still on study treatment (Fig. 3a). 

Three participants continued with IT nivolumab treatment outside 

the trial in the long-term follow-up: NOA-026-004 from dose level 1 

(20 mg) and NOA-26-017 and NOA-26-019 from dose level 3 (40 mg). 

These participants were alive 31, 21 and 20 months, respectively, after 

the first IMP dose (Fig. 3a). While safety and toxicity were the primary 

endpoints, OS was a preplanned secondary endpoint.

The median OS in the ITT population was 6.6 months (95% confi-

dence interval (CI): 4.1–17.1 months) with a 6-month OS rate of 55.0% 

(95% CI: 37.5–80.6%), 12-month OS rate of 33.3% (95% CI: 17.8–62.4%) 

and 18-month OS rate of 16.7% (95% CI: 6.03–46.1%) (Fig. 3b). In the PP 

population who completed safety visit 1, the median OS was 9.0 months 

(95% CI: 5.4 months–not attained) with a 6-month OS rate of 67.9%  

Table 2 | TRAEs until safety visit 1

AE CTC 

grade 1

CTC 

grade 2

CTC 

grade 3

CTC 

grade 4

Chills 1

Decreased AP 1

Decreased bilirubin 1

Diarrhea 1

Dizziness 4 1

Double vision 1

Dysphasia 3

Fatigue 1

Fever 3

Gait uncertainty 1

Headache 4 1

Hepatic failure 1

Involuntary movement eyelid 1

Involuntary movements both legs 1

Meningism intermittent 1

Muscle twitching 1

Nausea 3 5 1

Numbness in the lips and right side 

of the face

1

Paresis trochlearis nerve 2

Sepsis 1

Tingling in feet and/or face 6

Vomiting 1 3

Weight loss 1

Table 1 | Participant characteristics at baseline  
(ITT population, n = 24)

Variable n (%)

Age (median, min–max) (IQR) 50.5 (18–63) (38–58)

KPS (median, range) (IQR) 75 (50–90) (70–80)

n (%)

Gender

• Male 6 (25)

• Female 18 (75)

Primary tumor diagnosis

• Melanoma

 i) BRAFV600E mutant

 ii) BRAFV600E mutant, NRAS wild type

 iii) BRAFV600K mutant, NRAS wild type

 iv) BRAFV600E wild type, NRAS wild type

• Lung cancer

 i) NSCLC

 PDL1 ≥ 50%, EML4–ALK fusion present

 EML4–ALK fusion present

 PDL1 ≤ 50%, EML4–ALK fusion absent

 PDL1 ≤ 50%

 EML4–ALK fusion absent

 ii) SCLC

• Breast

 Triple-negative

13/24 (54)

6/13 (46)

3/13 (23)

1/13 (8)

3/13 (23)

7/24 (29)

5/7 (71)

1/5 (20)

1/5 (20)

1/5 (20)

1/5 (20)

1/5 (20)

2/7 (29)

4/24 (17)

4 (100)

MRI brain consistent with LMD 22/24 (92)

MRI spine consistent with LMD 13/24 (54)

MRI brain plus MRI spine consistent with LMD 11/24 (46)

CSF consistent with LMD 8/24 (33)

Parenchymal brain metastases in addition to LMD 14/24 (58)

Spinal metastases in addition to LMD 3/24 (13)

Prior whole-brain radiation therapy 12/24 (50)

Prior stereotactic radiation to CNS 14/24 (58)

Prior intravenous checkpoint inhibitors 13/24 (54)

Glucocorticoid dosage,

dexamethasone equivalent at enrollment

• None

• 0.5 mg

• 0.67 mg

• 0.86 mg

• 1.0 mg

• 1.5 mg

14/24 (58)

1/24 (4)

1/24 (4)

1/24 (4)

1/24 (4)

6/24 (25)
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clinical outcome, including comparisons with previous studies and will 

certainly support the development of additional hypotheses for the 

next phase of clinical development. Importantly, our trial investigated 

systematically participant-reported outcome measures during intraven-

tricular nivolumab treatment. These data show sustained neurological 

function and preserved participant-reported quality of life over time, 

highlighting the functional relevance of this approach. Although partici-

pation in participant-reported outcomes and neurocognitive screening 

declined over time, at least half of the participants completed assess-

ments up to visit 10 (Supplementary Table 1), supporting the validity 

of the results. Nevertheless, a potential bias must be considered, as 

participants with higher symptom burden might have been unable to 

complete the questionnaires.

Systemic PD1/PDL1 blockade and other systemic treatments were 

administered in parallel in the majority of participants in our trial, 

without signs of cumulative immune-related (ir)AEs. This aligns with 

emerging preclinical data suggesting that intrathecal checkpoint 

inhibition can synergize with systemic immunity through trafficking 

of activated T cells across CNS interfaces, although further mecha-

nistic studies are warranted to confirm these effects in participants. 

The currently ongoing expansion part of NOA-26 will further provide 

insight into coadministration of 50 mg of nivolumab plus systemic 

anticancer treatments. While the heterogeneous tumor types included 

in NOA-26 limit the statistical power for subgroup analyses, it is remark-

able that we observed long-term responses, even beyond 12 months 

(Fig. 3), in a disease that has a devastating prognosis. Nevertheless, 

this study had limitations. It was conducted at an early stage of clini-

cal development (phase 1). In addition, the LMD study population was 

inherently selected according to predefined inclusion and exclusion 

criteria. These findings are, therefore, not generalizable to the broader 

population and warrant further investigations in larger prospective 

clinical trials.

Taken together, our findings demonstrate the feasibility and 

acceptable safety of IT nivolumab in patients with LMD from solid 

tumors. They also complement and expand prior studies by provid-

ing prospective, protocol-driven evidence in a more heterogeneous 

disease population. The encouraging signals of clinical benefit in some 

individuals combined with preserved neurocognitive function and 

quality of life justify further investigation in the ongoing expansion part 

of NOA-26 and at a later stage with distinct combination treatments, as 

well as in randomized control settings.

Methods
Regulatory status and study enrollment
This study was an authorized nonrandomized multicenter phase 1 

investigator-initiated trial. The study design complied with all relevant 

regulations regarding the use of human study participants and was con-

ducted in accordance with the criteria set by the Declaration of Helsinki. 

Participants were recruited at all clinical sites in Germany according to 

predefined inclusion and exclusion criteria. Eligible participants were 

identified by study investigators and enrolled following provision of 

informed consent. Because of the specific nature of the disease and 

its very high unmet therapeutic need, rarity and often unfavorable 

course, the study population was necessarily selected. Furthermore, 

this was a phase 1 trial. These factors limit generalizability to broader 

populations at this stage of clinical development.
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Fig. 4 | Participant-reported quality-of-life and neurocognitive assessments. 

a, Selected scales from European Organization for Research and Treatment of 

Cancer QLQ-C30 and QLQ-BN20 (scores 0–100; higher scores indicate better 

functioning or greater symptom burden, respectively) (participants, n = 24). 

b, Neurocognitive results from Mini Mental Status Examination and Montreal 

Cognitive Assessment (scores 0–30; higher scores indicate better cognitive 

function) (participants, n = 24). c, Distress scores (range 0–10; higher scores 

indicate greater psychological distress) (participants, n = 23). Points represent 

mean values of the items; error bars indicate 95% CIs.
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The first submission to the institutional review board and to the 

Paul Ehrlich Institute (PEI) was in May 2021. The study received approval 

by the PEI in August 2021 and by the institutional review ethics board 

in September 2021. Recruitment was initiated on October 12, 2021, the 

first participant enrolled in December 2021 and part A was completed 

in April 2025.

The data cutoff of this report was 22 April 2025.

The first substantial amendment was submitted in July 2022 and 

approved. The study population was expanded by solid tumors with 

high tumor mutational burden. The second substantial amendment 

was submitted in September 2023 and included the following major 

changes: (1) an interruption of the IMP administration for up to 6 weeks 

because of related or unrelated AEs; (2) participant information with 

secondary use of biosamples; and (3) the current version of the SmPC.

The NOA-26 trial was transferred on the basis of Clinical Trials 

Regulation (CTR) in Europe and the Clinical Trials Information System 

(CTIS) transition was completed. NOA-26 has run under the CTR since 

May 24, 2024. The first substantial amendment after CTIS transition 

was implemented in November 2024. The current version of the NOA-

26 Study protocol is version 5.1 (November 15, 2024) and is included 

in the Supplementary information.

Data collection and analysis were not performed blind to the con-

ditions of the experiments.

Study oversight
A copy of the clinical trial protocol and the CONSORT checklist (in 

compliance with CONSORT guidelines36) are available in the Supple-

mentary Information. The investigator-initiated trial was designed by 

the Lead principal investigator and sponsor delegate and conducted in 

accordance with the provision of the declaration of Helsinki and Good 

Clinical Practice guidelines. It was approved by the institutional review 

board and the PEI.

The trial is registered on ClinicalTrials.gov (NCT05112549).

Part A was designed as the dose escalation phase of the trial with 

a 3 + 3 design, with four dose levels (20 mg, 30 mg, 40 mg and 50 mg), 

leading to a minimum of 12 and a maximum of 24 subjects.

After completion of safety visit 1 in each cohort without any DLT, 

the trial proceeded with enrollment into the next-higher-dose cohort. 

If one study participant developed a DLT at a specific dose, three addi-

tional subjects were enrolled into that same dose cohort. Development 

of DLTs in more than one of six participants in a specific dose cohort 

would suggest that the MTD was exceeded and further dose escalation 

was not allowed.

On each dose level, the exposure of participants followed a stag-

gered approach by an interval of at least 1 week for the first three par-

ticipants in each cohort.

The DSMB evaluated the safety reporting after each dose level. 

Furthermore, at the end of part A, the DSMB made the recommendation 

to determine the recommended fixe dose for part B.

For the ongoing part B (expansion phase), a maximum of 25 and a 

minimum of 20 subjects will be treated.

The primary objective was to assess the maximum tolerable dose 

and safety of IT nivolumab. The secondary endpoint was OS. Explora-

tory analyses included participant-reported outcome assessments.

DLT were defined as follows: (1) Any AE of CTCAE grade ≥4 related 

to the IMP and (2) all neurological AEs of CTCAE grades 2 and 3.

Extended Data Fig. 3 gives an overview on neuroanatomic LMD 

localization and CSF cytology per participant. Supplementary Table 2 

summarizes systemic therapies before enrollment and during trial 

treatment. Supplementary Table 3 includes all TRAEs until safety visit 1.

The trial has been monitored by an independent DSMB who evalu-

ated the study after each cohort and decided on proceeding to the 

next dose level.

Further information on research design is available in the Nature 

Portfolio Reporting Summary linked to this article.

Intraventricular delivery route for intrathecal application  
of nivolumab
The IMP for this study was nivolumab, an anti-PD1 antibody. In NOA-

26, each participant received six IT applications of nivolumab every 

2 weeks with preplanned safety visits after three administrations. 

After safety visit 2, the participant entered the follow-up phase. After-

ward, participants could continue with IT nivolumab until disease 

progression.

Intrathecal administration of nivolumab was performed exclu-

sively through the ventricular route. Enrollment required a tumor 

board recommendation, as outlined in inclusion criterion 4. Fixed 

dosing was implemented without intraparticipant escalation or reduc-

tion; administered doses ranged between 20 mg and 50 mg. The MTD 

identified in part A, as determined by the DSMB, was carried forward 

into part B.

Concurrent systemic PD1/PDL1 inhibition was permitted on the 

basis of tumor board recommendation but had to be scheduled at least 

24 h apart from intrathecal administration. Both systemic therapy and 

IT were withheld in the event of irAEs requiring discontinuation. Par-

ticipants with prior systemic PD1/PDL1-related irAEs could be treated 

intrathecally if full recovery was documented.

Dose escalation and definition of DLTs
For the 3 + 3 design, three subjects were initially enrolled into cohort 

1 with a given dose of 20 mg. If safety visit 1 was completed and there 

was no DLT observed in any of these subjects, the trial proceeded to 

enroll three subjects into the next-higher-dose cohort 2 with a given 

dose of 30 mg. If there was no DLT observed in any of these subjects, 

the trial proceeded to enroll an additional three subjects into the 

next-higher-dose cohort 3 with a given dose of 40 mg. If there was no 

DLT observed in any of these subjects, the trial proceeded to enroll an 

additional three subjects into the final next-higher-dose cohort 4 with 

a given dose of 50 mg.

DLTs were defined in the protocol as (1) CTCAE grade ≥4 AEs related 

to the investigational drug or (2) CTCAE grade 2–3 neurological events 

attributable to the study drug that, according to the 2021 NCCN Guide-

lines on immune-related toxicity management, warranted permanent 

discontinuation of checkpoint inhibitors.

The DSMB reviewed all safety data after each cohort and approved 

the continuation to the next dose level. In the last dose level (as out-

lined in Fig. 2), three participants were enrolled without any DLT. To 

confirm this, three additional participants were enrolled per request 

of the DSMB. These additional three participants did not experience 

any DLTs and the safety signal was confirmed. As this was a phase 1 trial, 

no further replications were foreseen within the scope of this study. 

The currently ongoing expansion phase (part B) with a fixed dose of 

50 mg will investigate and confirm safety of treatment with 50 mg of 

nivolumab IT.

Statistical methods
The statistical analyses for the NOA-26 trial are outlined in the 

enclosed study protocol (Supplementary Information). Chapter 

9.1.1 gives an overview of sample size and power calculations. This 

trial included a minimum of 32 evaluable participants (12 in part A, 

20 in part B) and a maximum of 49 evaluable participants (24 in part 

A, 25 in part B). Between 12 and 24 participants were included in the 

dose-finding phase part A with four doses (20, 30, 40 and 50 mg) and 

20 evaluable participants were included in the expansion phase using 

the MTD identified in the 3 + 3 phase. With 20 evaluable participants, 

it could be shown that the DLT was smaller than 33%, assuming a 

true DLT of maximal 7% (exact binomial test, type 1 error = 0.025 

one-sided, power = 80%, H0: DLT = 33%, H1: DLT < 33%, assumed alter-

native: DLT ≤ 7%). The statistical analysis was descriptive. Dose levels 

were pooled because of the small number of subjects per level (n = 3 

or n = 6). For continuous measurements, medians and interquartile 
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ranges (IQRs) were used; for categorical variables, absolute frequen-

cies and percentages were used. Censored data were presented using 

Swimmer plots, Kaplan–Meier plots and related parameters (median 

survival and survival after 6, 12 and 18 months including two-sided 

95% CIs). Quality-of-life and cognitive scales were displayed using 

line graphs including two-sided 95% CIs. In these figures, for each 

time point, the number of participants under observation is given. 

These numbers are presented in an additional table. We used SPSS 

for Windows (IBM, release 29) and R (release 4.1.2)37,38. No data were 

excluded from the analyses. Participants who did not meet screen-

ing criteria or who withdrew during the trial are separately identi-

fied, with their status clearly defined in the corresponding tables  

and figures.

Reporting summary
Further information on research design is available in the Nature 

Portfolio Reporting Summary linked to this article.

Data availability
All data included in the paper were generated as part of the clinical trial 

and are subject to participant confidentiality. Thus, pseudonymized 

or deidentified clinical data can be made available per request. All 

requests will be reviewed by the Institutional Review Board of the Uni-

versity Hospital Tübingen and the Legal Department of the University 

Hospital Tübingen. Any requests should be directly addressed to the 

corresponding author (ghazaleh.tabatabai@med.uni-tuebingen.de). 

These requests will be processed within a timeframe of 3–6 months. 

Any participant-related data not included in this publication were 

generated as part of the NOA-26 clinical trial and are protected by 

participant confidentiality. All deidentified clinical data will be made 

available with the final reporting of the NOA-26 clinical trial. All par-

ticipants are referred to in the manuscript with a code (NOA-26-XXX). 

This code is not the study identifier of these participants but a code 

that was used for this manuscript and this publication. The full study 

protocol is available in the Supplementary Information. The full set of 

clinical data (all AEs, all TRAEs and individual participant summaries) is 

available in the Supplementary Information. Source data are provided 

with this paper.

References
1. Lamba, N., Wen, P. Y. & Aizer, A. A. Epidemiology of brain 

metastases and leptomeningeal disease. Neuro Oncol. 23, 

1447–1456 (2021).

2. Lamba, N. et al. Incidence proportion and prognosis of 

leptomeningeal disease among patients with breast vs. 

non-breast primaries. Neuro Oncol. 25, 973–983 (2023).

3. Sener, U., Wilcox, J. A. & Boire, A. A. Leptomeningeal disease: 

current approaches and future directions. Curr. Neurol. Neurosci. 

Rep. 25, 25 (2025).

4. Pan, Z. et al. Leptomeningeal metastasis from solid tumors: 

clinical features and its diagnostic implication. Sci. Rep. 8, 10445 

(2018).

5. Le Rhun, E. et al. Prognostic validation and clinical implications of 

the EANO ESMO classification of leptomeningeal metastasis from 

solid tumors. Neuro Oncol. 23, 1100–1112 (2021).

6. Le Rhun, E. et al. EANO–ESMO clinical practice guidelines 

for diagnosis, treatment and follow-up of patients with 

leptomeningeal metastasis from solid tumours. Ann. Oncol. 28, 

iv84–iv99 (2017).

7. Le Rhun, E. et al. Leptomeningeal metastasis from solid tumours: 

EANO–ESMO clinical practice guideline for diagnosis, treatment 

and follow-up. ESMO Open 8, 101624 (2023).

8. Le Rhun, E. et al. Prospective validation of a new imaging 

scorecard to assess leptomeningeal metastasis: a joint EORTC 

BTG and RANO effort. Neuro Oncol. 24, 1726–1735 (2022).

9. Chukwueke, U. N. & Wen, P. Y. Use of the Response Assessment 

in Neuro-Oncology (RANO) criteria in clinical trials and clinical 

practice. CNS Oncol. 8, CNS28 (2019).

10. Boire, A. et al. Liquid biopsy in central nervous system 

metastases: a RANO review and proposals for clinical 

applications. Neuro Oncol. 21, 571–584 (2019).

11. Wilcox, J. A., Li, M. J. & Boire, A. A. Leptomeningeal metastases: 

new opportunities in the modern era. Neurotherapeutics 19, 

1782–1798 (2022).

12. Buszek, S. M. & Chung, C. Radiotherapy in leptomeningeal 

disease: a systematic review of randomized and non-randomized 

trials. Front. Oncol. 9, 1224 (2019).

13. Yang, J. T. et al. Randomized phase II trial of proton craniospinal 

irradiation versus photon involved-field radiotherapy for patients 

with solid tumor leptomeningeal metastasis. J. Clin. Oncol. 40, 

3858–3867 (2022).

14. Le Rhun, E. et al. Intrathecal liposomal cytarabine plus systemic 

therapy versus systemic chemotherapy alone for newly 

diagnosed leptomeningeal metastasis from breast cancer. Neuro 

Oncol. 22, 524–538 (2020).

15. Li, H. et al. Safety, pharmacokinetic and clinical activity 

of intrathecal chemotherapy with pemetrexed via the 

Ommaya reservoir for leptomeningeal metastases from lung 

adenocarcinoma: a prospective phase I study. Clin. Lung Cancer 

24, e94–e104 (2023).

16. Pan, Z. et al. A pilot phase 1 study of intrathecal pemetrexed for 

refractory leptomeningeal metastases from non-small-cell lung 

cancer. Front. Oncol. 9, 838 (2019).

17. Preusser, M. et al. Patritumab deruxtecan in leptomeningeal 

metastatic disease of solid tumors: the phase 2 TUXEDO-3 trial. 

Nat. Med. 31, 2797–2805 (2025).

18. Kumthekar, P. U. et al. A phase I/II study of intrathecal trastuzumab 

in human epidermal growth factor receptor 2-positive 

(HER2-positive) cancer with leptomeningeal metastases: safety, 

e�icacy, and cerebrospinal fluid pharmacokinetics. Neuro Oncol. 

25, 557–565 (2023).

19. Brastianos, P. K. et al. Single-arm, open-label phase 2 trial of 

pembrolizumab in patients with leptomeningeal carcinomatosis. 

Nat. Med. 26, 1280–1284 (2020).

20. Prakadan, S. M. et al. Genomic and transcriptomic correlates of 

immunotherapy response within the tumor microenvironment of 

leptomeningeal metastases. Nat. Commun. 12, 5955 (2021).

21. Naidoo, J. et al. Pembrolizumab for patients with leptomeningeal 

metastasis from solid tumors: e�icacy, safety, and cerebrospinal 

fluid biomarkers. J Immunother. Cancer 9, e002473 (2021).

22. Brastianos, P. K. et al. Phase II study of ipilimumab and nivolumab 

in leptomeningeal carcinomatosis. Nat. Commun. 12, 5954 (2021).

23. Glitza Oliva, I. C. et al. Concurrent intrathecal and intravenous 

nivolumab in leptomeningeal disease: phase 1 trial interim results. 

Nat. Med. 29, 898–905 (2023).

24. Boire, A. et al. Complement component 3 adapts the cerebrospinal 

fluid for leptomeningeal metastasis. Cell 168, 1101–1113 (2017).

25. Chi, Y. et al. Cancer cells deploy lipocalin-2 to collect limiting iron 

in leptomeningeal metastasis. Science 369, 276–282 (2020).

26. Byrnes, D. M. et al. Complications of intrathecal chemotherapy in 

adults: single-institution experience in 109 consecutive patients. 

J. Oncol. 2019, 4047617 (2019).

27. Beauchesne, P. Intrathecal chemotherapy for treatment of 

leptomeningeal dissemination of metastatic tumours. Lancet 

Oncol. 11, 871–879 (2010).

28. Kim, D. Y. et al. Comparison of intrathecal chemotherapy for 

leptomeningeal carcinomatosis of a solid tumor: methotrexate 

alone versus methotrexate in combination with cytosine 

arabinoside and hydrocortisone. Jpn. J. Clin. Oncol. 33, 608–612 

(2003).



Nature Cancer | Volume 7 | July 2026 | 1094–1103 1102

Article https://doi.org/10.1038/s43018-026-01185-4

29. Glitza, I. C. et al. Retrospective review of metastatic melanoma 

patients with leptomeningeal disease treated with intrathecal 

interleukin-2. ESMO Open 3, e000283 (2018).

30. Trifanescu, O. G. et al. Therapies beyond physiological barriers 

and drug resistance: a pilot study and review of the literature 

investigating if intrathecal trastuzumab and new treatment 

options can improve oncologic outcomes in leptomeningeal 

metastases from HER2-positive breast cancer. Cancers (Basel) 15, 

2508 (2023).

31. Lazaratos, A. M. et al. Intrathecal trastuzumab versus alternate 

routes of delivery for HER2-targeted therapies in patients with 

HER2+ breast cancer leptomeningeal metastases. Breast 69, 

451–468 (2023).

32. Robert, C. A decade of immune-checkpoint inhibitors in cancer 

therapy. Nat. Commun. 11, 3801 (2020).

33. Wilcox, J. A. & Boire, A. A. Leveraging molecular and 

immune-based therapies in leptomeningeal metastases. CNS 

Drugs 37, 45–67 (2023).

34. Hendriks, L. E. L. et al. Survival of patients with non-small cell 

lung cancer having leptomeningeal metastases treated with 

immune checkpoint inhibitors. Eur. J. Cancer 116, 182–189 (2019).

35. Yan, F., Zhang, L., Zhou, Y., Pan, H., Liu, S. & Yuan, Y. BOIN: an 

R package for designing single-agent and drug-combination 

dose-finding trials using Bayesian optimal interval designs. J. Stat. 

Softw. 94, 1–32 (2020).

36. Schulz, K. F., Altman, D. G., Moher, D. & Group, C. CONSORT 

2010 Statement: updated guidelines for reporting parallel group 

randomized trials. Open Med. 4, e60–e68 (2010).

37. R Core Team R: A Language and Environment for Statistical 

Computing (R Core Team, 2021).

38. Le Tourneau, C., Lee, J. J. & Siu, L. L. Dose escalation methods 

in phase I cancer clinical trials. J. Natl Cancer Inst. 101, 708–720 

(2009).

Acknowledgements
Parts of the study were funded by the Ministry of Arts and Science 

of the State of Baden-Württemberg (‘Health First: Translationale 

Forschung’) to G.T. The funders had no role in study design, data 

collection and analysis, decision to publish or preparation of the 

manuscript. This was an investigator-initiated trial with the University 

Hospital Tübingen as the sponsor and G.T. as the principal investigator 

and sponsor delegate.

Author contributions
G.T. conceptualized and designed the trial, interpreted the data, 

wrote the manuscript and prepared the display items. I.R. performed 

the monitoring and source data verifications, interpreted the 

data and edited the manuscript. B.W. was the clinical trial project 

manager, interpreted the data and edited the manuscript. H.B. 

prepared the display items, interpreted the data and edited the 

manuscript. G.T., P.B., D.B., R.M.-S., F.M., N.N., R.R., I.M., L.B., M.P., 

U.H., U.M.M., U.E, M.N., M.T. and M.R. treated the participants 

and interpreted the data. M.R. designed and interpreted the 

participant-reported outcome measures. L.M.S.-H. and P.M. created 

and managed the electronic case report form and performed the 

biostatistical planning and analyses.

Funding
Open access funding provided by Eberhard Karls Universität Tübingen.

Competing interests
Institutional funding to the University Hospital Tübingen was provided 

as financial compensation for the following activities of G.T.: advisory 

boards (Bayer, Boehringer Ingelheim, CureVac, Miltenyi Biomedicine, 

Novocure and Servier), consultancy (Bayer, Boehringer Ingelheim 

and CureVac), steering committee member in noninterventional 

trials (Bayer and Novocure) and lectures (Novocure and Servier). 

M.P. is the inventor and patent holder on ‘peptides for use in treating 

or diagnosing IDH1R132H-positive cancers’ (EP2800580B1). M.P. is 

founder of Tcelltech. U.H. has received speaker and/or advisory board 

honorary from Bayer, Medac, Servier and OncomagnetX. The other 

authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/

s43018-026-01185-4.

Supplementary information The online version contains supplementary 

material available at https://doi.org/10.1038/s43018-026-01185-4.

Correspondence and requests for materials should be addressed to 

Ghazaleh Tabatabai.

Peer review information Nature Cancer thanks Peter Forsyth, Yiwang 

Zhou and the other, anonymous, reviewer(s) for their contribution to 

the peer review of this work.

Reprints and permissions information is available at  

www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 

jurisdictional claims in published maps and institutional a�iliations.

Open Access This article is licensed under a Creative Commons 

Attribution 4.0 International License, which permits use, sharing, 

adaptation, distribution and reproduction in any medium or format, 

as long as you give appropriate credit to the original author(s) and the 

source, provide a link to the Creative Commons licence, and indicate 

if changes were made. The images or other third party material in this 

article are included in the article’s Creative Commons licence, unless 

indicated otherwise in a credit line to the material. If material is not 

included in the article’s Creative Commons licence and your intended 

use is not permitted by statutory regulation or exceeds the permitted 

use, you will need to obtain permission directly from the copyright 

holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.

© The Author(s) 2026

Ghazaleh Tabatabai    1,2,3,4 , Isabel Ramirez    5, Beatrix Welte5, Paula Bombach1,2, Hannes Becker1,2,3,6, Denise Bernhardt7, 

Regine Mayer-Steinacker8, Friedegund Meier    9,10, Nicolas Neidert    11, Roland Roelz11, Iris Mildenberger    12,13, 

Lukas Bunse    12,13, Michael Platten    12,13, Ulrich Herrlinger    14, Uwe M. Martens    15, Ulrike Ernemann2,16, 

Manuela Neumann2,17, Marcos Tatagiba2,6, Lina Maria Serna-Higuita    18, Peter Martus    18 & Mirjam Renovanz1,2,6

1Department of Neurology & Interdisciplinary Neuro-Oncology, Hertie Institute for Clinical Brain Research, University Hospital Tübingen, Eberhard Karls 

University Tübingen, Tübingen, Germany. 2Center for Neuro-Oncology, Comprehensive Cancer Center, University Hospital Tübingen, Eberhard Karls 

University Tübingen, Tübingen, Germany. 3Cluster of Excellence (EXC 2180) ‘Image-Guided and Functionally Instructed Tumor Therapies’, Eberhard 



Nature Cancer | Volume 7 | July 2026 | 1094–1103 1103

Article https://doi.org/10.1038/s43018-026-01185-4

Karls University of Tübingen, Tübingen, Germany. 4German Consortium for Translational Cancer Research (DKTK), DKFZ Partner site Tübingen, Tübingen, 

Germany. 5Center for Clinical Trials, University Hospital Tübingen, Eberhard Karls University Tübingen, Tübingen, Germany. 6Department of Neurosurgery, 

University Hospital Tübingen, Eberhard Karls University Tübingen, Tübingen, Germany. 7Department of Radiation Oncology, University Hospital of the 

Technical University Munich, Munich, Germany. 8Department of Medical Oncology and Hematology, University Hospital Ulm, Ulm, Germany. 9Department 

of Dermatology, Faculty of Medicine and University Hospital Carl Gustav Carus, Technische Universität Dresden, Dresden, Germany. 10National Center 

for Tumor Diseases (NCT), NCT/UCC Dresden, a partnership between DKFZ, Faculty of Medicine and University Hospital Carl Gustav Carus, TUD Dresden 

University of Technology, and Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Dresden, Germany. 11Department of Neurosurgery, University Hospital 

Freiburg, Breisgau, Germany. 12Department of Neurology, Medical Faculty Mannheim, MCTN, University of Heidelberg, Mannheim, Germany. 13DKTK 

(German Consortium for Translational Cancer Research) Clinical Cooperation Unit (CCU) Neuroimmunology and Brain Tumor Immunology, German 

Cancer Research Center (DKFZ), Heidelberg, Germany. 14Department of Neurooncology, Center for Neurology, University Hospital Bonn, Bonn, Germany. 
15Department of Medical Oncology and Hematology, SLK-Clinics Heilbronn GmbH, Heilbronn, Germany. 16Department of Neuroradiology, University 

Hospital Tübingen, Eberhard Karls University Tübingen, Tübingen, Germany. 17Department of Neuropathology, University Hospital Tübingen, Eberhard 

Karls University Tübingen, Tübingen, Germany. 18Department of Clinical Epidemiology and Applied Biostatistics, University Hospital Tübingen, Tübingen, 

Germany.  e-mail: ghazaleh.tabatabai@med.uni-tuebingen.de



Nature Cancer

Article https://doi.org/10.1038/s43018-026-01185-4

Extended Data Fig. 1 | Additional functioning and symptom scales and single 

items from the EORTC QLQ-C30. Scores 0–100; higher scores indicate better 

functioning or greater symptom burden, respectively), 24 patients included 

(n = 24). Points represent mean values of the items, and error bars indicate 

95% confidence intervals (CI). Number of patients per visit as indicated in 

Supplementary Table 1.
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Extended Data Fig. 2 | Additional functioning and symptom scales and single 

items from the EORTC QLQ-BN20. Scores 0–100; higher scores indicate better 

functioning or greater symptom burden, respectively), 24 patients included 

(n = 24). Points represent mean values of the items, and error bars indicate 

95% confidence intervals (CI). Number of patients per visit as indicated in 

Supplementary Table 1.




