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Lymphocyte activation gene 3 (LAG-3) is animmune checkpoint implicated
in T cell exhaustion and a potential therapeutic target in glioblastoma (GBM).
We conducted a multicenter, open-label, phase 1 study with sequential
allocation to evaluate the safety and preliminary activity of the anti-LAG-3
antibody relatlimab, administered alone or with the anti-programmed cell
death protein1(PD-1) antibody nivolumab, in patients with recurrent GBM.
Forty-six patients were treated (23 per cohort). The primary endpoint of
safety was met, with maximum tolerated doses of 800 mg relatlimab for
monotherapy and 160 mg relatlimab/240 mg nivolumab for combination
therapy. Treatment-related grade 3-4 adverse events occurred in 6 of

23 patients receiving combination therapy and were not observed with
monotherapy. Neoadjuvant administration was associated with increased
intratumoral CD8" T cell infiltration for both monotherapy and combination
therapy. Exploratory analyses suggested that tumors with elevated baseline
interferonsignaling andincreased T cell clonality were enriched among
patients with durable responses to combination therapy. Twelve-month
overall survival was 34.8% with relatlimab alone and 52.2% with combination
therapy; however, this study was not designed to assess efficacy. These
findings demonstrate an acceptable safety profile and provide preliminary
immunologic and clinical signals supporting further evaluation of LAG-3
blockade in GBM. ClinicalTrials.gov identifier: NCT02658981.

GBM is refractory to standard oncologic treatments with median
survival of 14 months' despite maximal safe resection, aggressive
radiotherapy and temozolomide chemotherapy. Immuno-oncologic
therapies targetingimmune checkpoint molecules PD-1and cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) have not improved out-
comes for GBM**, although this strategy has substantially improved
survival in many other cancer types’”. Barriers to effectiveness of
these checkpoint inhibitor therapies may include multiple factors,

including a tumor microenvironment (TME) defined by profound
immune cell exhaustion and marked by the elevated expression of
multiple other checkpoint molecules, such as LAG-3 (CD223)%°. Inthe
present study, we assessed the safety and immunologicimpact of tar-
geting the LAG-3 checkpoint with or without concurrent targeting of
the PD-1checkpoint.

In cancer, LAG-3 is thought to promote immunosuppression by
decreasingthe proliferation of CD4" effector T cells, inhibiting CD8"
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T cell antitumoral cytotoxic function and recruiting regulatory T
(T,eg) cells'*. LAG-3 upregulationin the TME is associated with poor
treatment outcomes, and its upregulation after anti-PD-1 monoclonal
antibody (mAb) therapy has implicated it as a mediator of acquired
immune checkpoint inhibition resistance'. The recently reported
RELATIVITY-047 trial in patients with metastatic melanoma evalu-
ated combination immune checkpoint blockade and demonstrated
greater than two-fold improvement in progression-free survival
(PFS) with relatlimab plus nivolumab compared with nivolumab
alone (10.12 months versus 4.63 months)". Preclinical datain murine
glioma models suggest that this combination may be effective in
GBM as well™.

Here we present the results of an open-label, multicenter phase 1
trial testing anti-LAG-3 mAb (relatlimab, BMS-986016) alone or in com-
bination with anti-PD-1mAb (nivolumab, BMS-936558) in patients with
first-time recurrent GBM (NCT02658981). Our primary endpoint was
safety to determine a maximum tolerated dose (MTD) for relatlimab
given either as monotherapy or combined with nivolumab in patients
with recurrent GBM. A window of opportunity arm where patients
received either neoadjuvantrelatlimab monotherapy or combination
therapy with nivolumab prior to surgery was alsoincluded. Secondary
objectives were site-determined 1-year PFS and overall survival (OS)
rates as well as radiographic response per modified Response Assess-
mentinNeuro-Oncology (mMRANO) criteria. Exploratory objectives for
this study involved cellular and molecular assessments of relatlimab
alone and in combination with nivolumab on infiltrating immune cell
populationsin the context of survival outcomes.

Results

Patient baseline characteristics and treatment disposition
Atotal of 46 patients were enrolled in the Adult Brain Tumor Consor-
tium (ABTC) 1501 trial. All patients had histopathologic confirmation of
GBM at diagnosis and had radiographically diagnosed recurrence after
prior standard treatment with radiation therapy and temozolomide.
Of those patients, 9 of 46 (19.6%) had undergone previous subtotal
resection, and 37 of 46 (80.4%) had received gross total resection for
their surgery at time of diagnosis. The first patient was enrolled on 9
September 2016, and the last patient was enrolled on 29 April 2020.
The trial is completed. Clinical characteristics of all 46 patients are
describedin Table1.

Patients were sequentially allocated to either relatlimab mono-
therapy or anti-CD137 mAb therapy initially as part of the ABTC 1501
trial (Fig.1). Once the MTD of relatlimab monotherapy was determined,
combination therapy was started with eventually 23 patients receiving
relatlimab monotherapy (17 adjuvant, six neoadjuvant) at starting
dose 80 mg and subsequent dose escalation to 800 mg. Twenty-three
patients were given combination relatlimab and nivolumab therapy
(16 adjuvant, seven neoadjuvant), with relatlimab dosages escalating
from 80 mg to 160 mg and nivolumab dosage remaining at 240 mg
(Fig.1). Neoadjuvant therapy was given within 10 + 3 days prior to the
date of surgery. All patients who received neoadjuvant therapy went
on to also have adjuvant therapy with the same treatment schema as
adjuvant-only patients. All patients were required to receive at least one
dose of the intervention treatment to qualify for the study.

Safety

Following National Cancer Institute Common Terminology Criteria for
Adverse Events (NCICTCAE) version 5.0 guidelines, grade1-4 adverse
events observed with relatlimab monotherapy and with relatlimab/
nivolumab combinationtherapy are summarizedin Table 2. Allreported
adverse events were deemed by site investigators to be possibly, prob-
ably or definitely attributable to the investigational agents. No patients
treated withrelatlimab monotherapy experienced adose-limiting toxic-
ity (DLT) (0/23,0%) (Table 2), whereas 6 of 23 patients (26%) receiving
combination therapy developed aDLT (Table 2). These eventsincluded

Table 1] Clinical demographics

All patients (n=46)

Characteristic Value

Median age (range), years 55(21.9-76.8)

Race, number (%)

White 42 (91.3)
Gender, number (%)

Male 29 (63.0)

Female 17 (37.0)
KPS, number (%) 29 (63.0)

90-100 17 (37.0)

70-80
IDH, number (%)

IDH-WT 40 (87.0)

IDH-MT 6(13.0)
MGMT, number (%)

Unmethylated 26 (56.5)

Methylated 20 (43.5)

Measurable disease, number (%) 46 (100)
Steroids, number (%)

Yes 6 (13.0)
Anticonvulsant, number (%) 28 (60.9)

Yes
Histology prior study, number (%)

Glioblastoma multiforme (grade 4) 46 (100)
Surgery, number (%)

Subtotal resection 9 (19.6)

Gross total resection 37(80.4)
Prior surgery: median (range) 1(1-3)
Prior radiation therapy, number (%) 46 (100)
Prior temozolomide, number (%) 46 (100)

Baseline demographic and clinical characteristics of patients enrolled in the ABTC 1501 trial.

worsened cerebral edemain 2 patients treated with 80 mg or 160 mg
relatlimab, respectively, in combination with 240 mg nivolumab; grade
3muscle weaknessin1patient receiving 80 mgrelatlimab plus 240 mg
nivolumab; grade 3 hypertensionin1patient receiving 160 mgrelatli-
mab plus 240 mg nivolumab; grade 3 syncope in 1 patient receiving
160 mg relatlimab plus 240 mg nivolumab; and grade 3 thyroiditis
in1 patient receiving neoadjuvant 160 mg relatlimab plus 240 mg
nivolumab (Table 2). Of note, both patients who experienced wors-
ened cerebral edema were put on a short course of dexamethasone
for symptomatic control.

Tumor outcome radiographic response

Tumor response to treatment was evaluated under mRANO criteria™*
toaccount for pseudoprogression and delayed responses toimmuno-
therapy by requiring confirmation of progression for a 6-month post-
treatment evaluation window (Extended Data Fig. 1). Several patients
who underwent relatlimab and nivolumab combination therapy dem-
onstrated persistent or increasing contrast enhancement within the
first 3 months of starting treatment, followed by near-total resolu-
tion of all enhancing disease that corresponded with prolonged OS.
Although many patients had a significant period of disease control
as assessed by imaging, upon central review no patients exhibited a
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Enrollment

Enrolled (n = 65)

No treatment (n = 2)

Treatment

(n=63)

Patient received treatment

l—» Anti-CD137 (n =17)

[ Anti-LAG-3(n=46) |

/

N

Part A: anti-LAG-3 alone
(n=17)

Part B: anti-LAG-3 alone
+anti-PD-1 (n =16)

Part C: neoadjuvant
anti-LAG-3 alone (n = 6)
anti-LAG-3 + anti-PD-1(n =7)

Follow-up

Reason for discontinuous treatment:

. Adverse event (n = 3)
Progressive disease (n = 40)
Patient withdrawal (n =1)

. Start other treatment (n =1)
Complete treatment (n = 1)

Analysis

0S (n = 46)
PFS (n = 46)

Per-protocol population (n = 46)

Safety population (n = 46)

Fig.1| ABTC1501 clinical trial design. Schematic overview of the multicenter
phase1trial designillustrating sequential allocation and dose escalation of
relatlimab. Patients were enrolled across three study components: adjuvant

monotherapy dose escalation, adjuvant combination therapy dose escalation
and neoadjuvant therapy followed by adjuvant treatment. Neoadjuvant therapy
consisted of a single dose administered prior to surgical resection.

confirmed partial response or complete response. Pseudoprogression,
defined asinitial progressive enhancement within the first 6 months of
treatment followed by disease stability or regression on the confirma-
tion scan, was noted in eight of 17 patients in the adjuvant relatlimab
group, innine of 16 patients in the adjuvant combination relatlimab and
nivolumab group, in five of six patients in the neoadjuvant relatlimab
group and in three of seven patients in the neoadjuvant combination
relatlimab and nivolumab group per mRANO guidelines (Extended
Data Fig.1).

Immune correlative data

To correlateimmunological changes in the TME with patients who had
clinical response to LAG-3 blockade, we used severalimmune correla-
tive studies, includingimmunofluorescence, gene expression profiling,
T cell clonality assays and spatial proteomics through multiplexedion
beam imaging by time-of-flight (MIBI-TOF).

Immunofluorescence analysis. Neoadjuvant therapy involving
relatlimab demonstrated increased infiltration of CD8" T cells into
the TME at the time of surgical resection (Fig. 2a,b). When compar-
ing neoadjuvant treatment samples with archival samples without
immunotherapy treatment, exposure to relatlimab and nivolumab
combination therapy in particular was associated with an increase in
the number of infiltrating CD8" T cells as well as upregulation of LAG-3
and PD-1expression (Fig. 2b).

However, correlating theimmunophenotype of the TME to clinical
response demonstrates thatinfiltration of PD-1", LAG-3" or PD-1'LAG-3"
T cells in the resected tumor samples do not correlate with survival
among patients receiving relatlimab monotherapy or combination
relatlimab/nivolumab therapy (Fig. 2c-f). Of note, although PD-1and
LAG-3aretypically co-expressed on T cellsin the setting of exhaustion®,
neoadjuvant therapy resulted in CD8" T cell recruitment with both
LAG-3 and PD-1 co-expression as well as some cells with only LAG-3 or
PD-1expression (Fig. 2g,h).

Gene expression profiling. To investigate baseline differential
gene expression between long-term survivors (OS > 24 months)
and short-term survivors (OS <9 months) treated with adjuvant
(relatlimab/nivolumab combination therapy), we performed gene
expression profiling using NanoString nCounter transcriptomic
analysis on formalin-fixed paraffin-embedded (FFPE) biopsy speci-
mens collected from three short-term survivors and four long-term
survivors prior to the initiation of immunotherapy. Analysis of gene
expression profile revealed 56 differentially expressed genes (DEGs)
between groups (P < 0.05), with 34 genes showing higher expression
and 22 showing lower expression in long-term survivors (Fig. 3a,b).
Gene set enrichment analysis (GSEA) of type I (IFNa) and type 11
(IFNy) interferon signaling pathways demonstrated enrichment in
responder patients, reaching significance with Wald test statistics
(P<0.05) (Fig.3c).

To further explore transcriptional changes induced by neoad-
juvant treatment, we performed gene expression profiling on FFPE
biopsy specimens obtained from three patients before and after
neoadjuvant relatlimab and nivolumab combination therapy. This
analysis identified 67 DEGs (P < 0.05), with 63 genes increased and
four decreased after treatment (Fig. 3d,e). Multiple genes associated
withinterferonsignaling and antigen presentation, including CXCL9,
CCL5, GZMA, STAT1 and HLA family members, showed consistent
trends toward upregulation in patients after treatment, with Wald test
statistics showing significance (P < 0.05) (Fig. 3f).

T cell clonality. We analyzed T cell receptor (TCR) sequences from
FFPE specimens of four long-term responders (patients surviving
>24 months) and five non-responders (patients surviving <9 months).
Astatistically significant increase in clonality (P < 0.05) was observed
in these long-term responders compared with non-responders, sug-
gesting enhanced monoclonal expansion of T cell clones in respond-
ers (Extended Data Fig. 2a). This likely reflects a targeted immune
response against specific tumor antigens. To assess T cell expansion
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Table 2 | Safety profile and DLTs for patients treated with relatlimab monotherapy and combination therapy

(A)

Anti-LAG-3 adverse events Grade1(n) Grade 2 (n) Grade 3 (n) Total (n=23)

Amylase (elevated) 1 1(4%)

Alanine aminotransferase (elevated) 1 1(4%)

Alkaline phosphatase (elevated) 1 1(4%)

Anemia 2 2 (9%)

Aspartate aminotransferase (elevated) 1 1(4%)

Blurred vision 2 2 (9%)

Cognitive disturbance 1 1(4%)

Confusion 1 1(4%)

Dizziness 1 1(4%)

Dry mouth 1 1(4%)

Fatigue 3 2 5(22%)

Gait disturbance 1 1(4%)

Generalized muscle weakness 1 1(4%)

Headache 2 3 5(22%)

Hyperglycemia 1 1(4%)

Hypernatremia 1 1(4%)

Hypertension 1 1(4%)

Hyperthyroidism 1 1(4%)

Hyponatremia 1 1(4%)

Leukocytosis 1 1(4%)

Lipase (elevated) 4 4 (17%)

Lymphopenia 3 3(13%)

Memory impairment 1 1(4%)

Muscle weakness (right-sided) 1 1(4%)

Nausea 1 2 3(13%)

Platelets (decreased) 1 1(4%)

Pruritus 1 1(4%)

Rash (maculopapular) 1 1(4%)

Seizure 1 1(4%)

Serum amylase (elevated) 2 2 (9%)

T4 (thyroxine) (decreased) 1 1(4%)

Urinary urgency 1 1(4%)

Visual field deficit 1 1(4%)

Vomiting 1 1(4%)

White blood cell (decreased) 1 1(4%)

(B)

Anti-LAG-3 + anti-PD-1adverse events Grade1(n) Grade 2 (n) Grade 3 (n) Grade 4 (n) Total
(n=23)

Alanine aminotransferase (elevated) 3 1 4 (17%)

Anemia 3 3 (13%)

Anorexia 1 1(4%)

Anxiety 1 1(4%)

Arthritis 1 1(4%)

Aspartate aminotransferase (elevated) 2 1 3 (13%)

Ataxia 1 1(4%)

Autoimmune disorder 1 1(4%)

Burning sensation bilaterally 1 1(4%)

Bronchial obstruction 1 1(4%)
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Table 2 (continued) | Safety profile and DLTs for patients treated with relatlimab monotherapy and combination therapy

(B)
Anti-LAG-3 + anti-PD-1adverse events Grade1(n) Grade 2 (n) Grade 3 (n) Grade 4 (n) Total
(n=23)
Cardiac troponin | (elevated) 1 1(4%)
Coghnitive disturbance 1 1(4%)
Confusion 1 1(4%)
Constipation 1 1(4%)
Cough 1 1(4%)
Dermatitis 2 2 (9%)
Dehydration 1 1(4%)
Diarrhea 4 4 (17%)
Dizziness 1 1(4%)
Dysarthria 1 1(4%)
Dysgeusia 1 1(4%)
Dysphasia 1 1(4%)
Edema (cerebral) 1° 1 2 (9%)
Facial nerve disorder 1 1(4%)
Fall 1 1(4%)
Fatigue 7 3 10 (43%)
Fever 1 1 2(9%)
Folliculitis 1 1(4%)
Gait disturbance 2 2 (9%)
Generalized muscle weakness 1 1(4%)
Headache 3 3(13%)
Hyperglycemia 1 1(4%)
Hypertension 1° 1(4%)
Hypoalbuminemia 1 1(4%)
Hypocalcemia 1 1(4%)
Hyponatremia 1 1(4%)
Hypophosphatemia 3 3(13%)
Hypotension 1 1 2 (9%)
Hypothyroidism 3 2 5(22%)
Increased falls/ataxia 1 1(4%)
Increase in number of bowel movements 1 1(4%)
Lipase (elevated) 2 1 1 4 (17%)
Lymphadenitis 1 1(4%)
Lymphopenia 4 4 8 (35%)
Memory impairment 1 1 2 (9%)
Mucosal infection 1 1(4%)
Muscle weakness (left-sided or right-sided) 1 17 2(9%)
Nausea 3 3 6 (26%)
Parainfluenza 1 1(4%)
Pericardial effusion 1 1(4%)
Thrombocytopenia 2 1 3(13%)
Pleural effusion 1 1(4%)
Pruritus 1 1(4%)
Purpura 1 1(4%)
Rash (maculo-papular) 1 1 2 (9%)
Seizure 1 1(4%)
Serum amylase (elevated) 1 1 2(9%)
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Table 2 (continued) | Safety profile and DLTs for patients treated with relatlimab monotherapy and combination therapy

(B)
Anti-LAG-3 + anti-PD-1adverse events Grade1(n) Grade 2 (n) Grade 3 (n) Grade 4 (n) Total
(n=23)

Skin infection 1 1(4%)

Syncope 1° 1(4%)

Thyroiditis 1° 1(4%)

TSH (low) 1 1(4%)

TSH (high) 1 1(4%)

Vomiting 1 1(4%)

Watery eyes 1 1(4%)

White blood cell (decreased) 3 3(13%)

(©)

Time Phase Dosage Adverse event Grade attLAG-3 attPD-1 DLT

Cycle 2, day15 1 Anti-LAG-3 80mg; Cerebral edema 4 Possible Probable Yes
anti-PD-1240mg

End of cycle 2 1 Anti-LAG-3 80 mg; Muscle weakness 3 Possible Possible Yes
anti-PD-1240mg (left)

End of cycle 2 1 Anti-LAG-3160mg; Cerebral edema 3 Possible Possible Yes
anti-PD-1240mg

End of cycle1 1 Anti-LAG-3160mg; Hypertension 3 Possible Possible Yes
anti-PD-1240mg

End of cycle 2 1 Anti-LAG-3160mg; Syncope 3 Possible Possible Yes
anti-PD-1240mg

30-day follow-up Neoadjuvant Anti-LAG-3160mg; Thyroiditis 3 Possible Possible Yes

anti-PD-1240mg

(A,B) Summary of grade 1-4 adverse events, categorized according to NCI CTCAE version 5.0, in

patients receiving relatlimab monotherapy (A) or relatlimab/nivolumab combination therapy

(B). Data include patients treated in both adjuvant and neoadjuvant settings. (C) Summary of DLTs and corresponding dose levels observed during combination therapy. °Dose-limiting toxicity.

in circulation after immunotherapy, we analyzed TCR[3 sequences
from peripheral circulating T cellsin one responder patientand in one
non-responder patient. Compared with the non-responder patient,
thelong-term survivor demonstrated expansion of intratumoral T cell
clones (Extended Data Fig. 2b). In the responder patient, peripheral
T cell expansion was noted with as few as two immune checkpoint
inhibitor infusions, indicating that these T cells had robust proliferative
potential (Extended DataFig. 2c).

Spatial analysis involving immune populations for GBM. Given
our findings of increased T cell clonality, we also found that there was
upregulation of genes associated with antigen presentation on myeloid
cellsthat was positively correlated with long-term survivors (Fig. 4a,b).
Myeloid cells capable of antigen presentation can directly activate
T cells with clonal expansion'®. We performed MIBI-TOF analysis on
four patient samples and found that there was robust intratumoral
infiltration of CD68" macrophages throughout the entire tumor with
concentrated infiltration of lymphoid cells, largely consisting of B cells,
in perivascular spaces (Fig. 4c,d). This observation is consistent with
previous studies reportingincreased B cellinfiltrationin the TME after
immune checkpoint blockade, including PD-1-directed therapies".
Further phenotypic resolution of B cell subsets was limited by tissue
availability and marker constraints. Highlighting the importance of
the myeloid compartment forimmunotherapy response, patients who
received neoadjuvantrelatlimab with or without nivolumab exposure,
as well as those who went on to demonstrate long-term response,
exhibited a substantial presence of myeloid cells, including CD68"
myeloid cellsand activated microglia. Conversely, short-termsurvivors
had a dearth of intratumoral microglia at the time of surgery while
maintaining a population of immunosuppressive CD163" myeloid
cells (Fig. 4e). When comparing this sample of patients to a larger
cohort of 15 standard-of-care patients with GBM, long-term survivors

and the neoadjuvant patient had a pattern of increased microglia,
non-immunosuppressed myeloid and lymphoid cell populations when
compared with all other patient populations (Fig. 4f).

Antitumor response

Survival outcomes in this phase 1 study were reported to assess
unexpected deleterious effects of therapy and to support
hypothesis-generating analyses examining associations between
immune responses and tumor control. The 12-month OS rate for all
patients who received relatlimab monotherapy was 34.8% compared
with 52.2% for patients who received combination therapy (Fig. 5a).
Patients who received neoadjuvant relatlimab monotherapy had a
median OS of 8.6 months (similar to adjuvant therapy (95% confi-
denceinterval: 2.6-23.6)), and the median OS for patients treated
with neoadjuvant combination relatlimab and nivolumab therapy was
16.7 months (95% confidence interval: 6.8-21.0) (Extended DataFig. 3a).
The adjuvant combination arm had four long-term survivors with
OS > 24 months and corresponding radiographic improvement in
tumor burden (Extended Data Fig. 1).

Giventhat the primary goal of the study was safety, the study size
was not designed for a stable estimation of OS across treatment arms
but was used to inform selection of a regimen for future study. How-
ever, itshould be noted that the combination therapy group exhibited
longer treatment durations compared with those receiving relatlimab
alone, with fewer patients in the combination group requiring switch
to anew therapy (Fig. 5b). The presence of the small cohort of neoad-
juvant patients did not appear to uniformly alter treatment duration
relative to adjuvant therapy.

Discussion
In GBM, LAG-3 expression is highly represented across infiltrat-
ing immune populations within the TME. Preclinical studies have
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Fig. 2| Neoadjuvant therapy enhances intratumoral T cell infiltration.

a, Representative mIF images from a patient treated with neoadjuvant relatlimab/
nivolumab, showing nuclear staining (DAPI) and expression of CD8, PD-1and
LAG-3.b, Comparative mIF images from paired tumor samples obtained before
treatment and after neoadjuvant combination therapy. c-f, Correlation of
intratumoral CD8" T cell subsets (CD8" (c), CD8'PD-1" (d), CD8'LAG-3" (e) and

CD8'PD-1'LAG-3" (f)) expressing PD-1and/or LAG-3 with OS; patients receiving
adjuvant anti-LAG-3 and anti-PD-1therapy who survived longer than the median
are highlighted. g,h, Quantification of PD-1and LAG-3 expression patterns on
CD8 T cells (CD8'LAG-3" (g) and CD8'PD-1'LAG-3" (h)) in patients before and
after neoadjuvant (neoadj.) anti-PD-1and anti-LAG-3 therapy. A, archival;

P, protocol.

demonstrated that tumor-infiltrating lymphocytes co-expressing
LAG-3 and PD-1 exhibit a functionally exhausted phenotype and
that dual checkpoint targeting can restore antitumor immunity and
improve survival in experimental models™. Accordingly, the rationale
for therapeutically targeting LAG-3in GBM s grounded in convergent
immunophenotypic and functional studies demonstrating wide-
spread LAG-3 expression and itsassociation withimmune dysfunction
in these tumors'>'®",

In the present study, the primary endpoint of safety was met;
relatlimab monotherapy and combination relatlimab with nivolumab
were well tolerated with the dosages described. The only grade 3
or 4 adverse events occurred in combination arms involving both
nivolumab and relatlimab, which included cerebral edema (2), hyper-
tension (1), syncope (1), unilateral muscle weakness (1) and thyroiditis
(1). Although our combination relatlimab dose was kept low due to
studies at that time showing myocardial toxicity, pharmacokinetic
studies have since shown that the receptor occupancy was only around
75%. Bristol Myers Squibb has since worked with 480 mg dosages of
combination relatlimab therapy safely in other trials, which are being
used for our current Alliance trial (A07221).

Although the study was not designed or powered to formally assess
survival, the combination relatlimab and nivolumab arm demonstrated
a12-month OS of 52% (95% confidence interval: 31-73), with five of
46 patients (11%) exhibiting extended survival beyond 24 months.

These patients went on to have additional therapies, including radia-
tion, temozolomide, bevacizumab and other chemotherapeutic and
immunotherapeutic agents (Extended Data Table 2). As a descriptive
comparison to previous phase 2 survival data withinthe ABTC consor-
tium, patients treated with nivolumab monotherapy had a12-month OS
rate of 22% (95% confidence interval: 15-30) (Extended Data Fig. 3b).
This comparison should only be taken as contextual reference and
not as a formal historical control. It is important to note that these
observations cannot be disentangled from subsequent therapies and
selection bias and do not imply clinical benefit. As such, this observa-
tionof increased antitumor efficacy with combination therapyis being
followed up with a phase 2 study through the Alliance (A077201) to
formally assess survival.

Inassessing ourimmunologic correlative data, the neoadjuvant
relatlimab and nivolumab samples suggested that targeting these
checkpoint molecules results in increased intratumoral infiltration
of PD-1" and LAG-3'CD8" T cells. This has been similarly seenin trials,
particularly in the neoadjuvant setting for non-small cell lung cancer®
and melanoma®. The mechanisms behind this higher prevalence of
intratumoral T cells are thought to involve either (1) in situ prolif-
eration/expansion of existing T cells fromincreased activation or (2)
improved T cell trafficking due to boosted chemokine signaling from
inhibitory checkpoint blockade?. Notably, early increased infiltra-
tion of T cells alone did not correlate with improved survival unless
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also seen in the context of increased baseline interferon signatures
and increased T cell clonality in the TME at the time of surgery. It is
also possible that the impact of changes occurring after radiation is
obscured by an association, at leastin part, with the later effects dur-
ing the period of adjuvant therapy. We did not have tissue available
to assess this relationship as intracranial biopsy during this period is
notstandard of care.

When we compared theimmune profiles of samples (from the time
of first diagnosis) in an exploratory group of long-term and short-term
survivors with gene expression profiling, we found that the tumors
of responders at baseline trended toward a higher inflammatory
TME phenotype (defined by upregulation of type I and Il interferon
genes, antigen presentation genes and increased T cell clonality) inthe
long-termsurvival patients (>24 months). Inlight of recent studies” ¢,
thisincreaseininterferon pathways as a positive prognosticindicator
emerges as thematic and may have utility as a biomarker for future
immunotherapy trials. Regarding other potential biomarkers, we

observed a statistically significant increase in T cell clonality from
the baseline FFPE samples of long-term responders. In one long-term
survivor, we also found that there was robust expansion of T cellsin the
periphery after only two doses of relatlimab and nivolumab combina-
tion therapy (Extended Data Fig. 2¢).

Immunologically, increased T cell clonality and expansion typi-
cally accompany the presence of activated antigen-presenting mye-
loid cells. In the long-term survivors, we observed a trend of elevated
expression of antigen presentation pathways, suggesting that relatli-
mab may affect the myeloid compartment and that antigen presenta-
tion is also important in GBM for responding to relatlimab therapy.
Finally, from our MIBI-TOF analysis, it appears that there is a subset
of microglia and lymphoid cells that are present in responders that
are not present in short-term survivors. Further investigation into
the role of LAG-3 in myeloid cells is required, as recent studies have
demonstrated the importance of this cell population in propagating
immunosuppression in GBM*%5,
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This study has several limitations. Survival of individual patients
may have been affected by unknown selection criteria from subse-
quent therapies, although the impact of third-line therapy for GBM is
generally modest. Additionally, only six of 46 (13%) patients required
steroids prior to trial enrollment, indicating a relatively more fit popu-
lation that may have biased prognosis. However, our inclusion crite-
ria requiring a minimum Karnofsky Performance Status (KPS) of at
least 60% were similar to other clinical trials studying recurrent GBM
(Extended Data Table 1). Furthermore, when this trial was initiated in
2014, the World Health Organization classification of GBM had not
yetincorporated IDH(isocitrate dehydrogenase) mutation status into
its diagnostic criteria. As such, a subset of IDH-MT patients (6/46) was
included in the trial. All patients, including those with IDH-MT status,
have their corresponding survival datashown (Extended Data Table 2).

Of note, although the study was not designed to evaluate survival out-
comes or stratify by IDH-associated prognosis, both IDH-MT and IDH-WT
patients were represented among those with long-termsurvival aswell
asthose with survival less than 6 months. Specifically, survivalamong
IDH-MT patients ranged from 2.7 months to 70.7 months, whereas sur-
vivalamong /DH-WT patients ranged from 2.6 months to 73.6 months.

Finally, the absence of postadjuvant tumor tissue, reflecting the
clinical difficulty and procedural risk of obtaining biopsies at recur-
rence forimmune sequencing, precluded comparative analyses of the
long-term molecular effects of relatlimab monotherapy versus relatli-
mab/nivolumab combination therapy. Although such analyses could
haveyielded importantinsightsinto thebiological features underlying
durable clinical benefit in long-term survivors, repeat tumor sampling
was not incorporated into the trial protocol.
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Therecent positive survival results of combination relatlimab and
nivolumab therapy in melanoma” supportinvestigating the targeting
of LAG-3 as atherapeutic strategy for other difficult-to-treat cancers.
Interest in targeting LAG-3 for GBM is also noted in the recent case
report examining neoadjuvant triplet immune checkpoint blockade
against CTLA-4, PD-1and LAG-3 (ref. 29). Our correlative data suggest
that relatlimab or relatlimab with nivolumab combination therapy
can facilitate increased immune cell infiltration into GBM. However,
increased immune cell infiltration alone is unlikely to be sufficient to
generate an effective antitumor immune response. Rather, therapeutic
benefit likely depends on a subset of tumors with a preexisting inflam-
matory phenotype—characterized by interferon-responsive gene
expression, enhanced antigen presentationandincreased T cell clonal-
ity—together with the presence of specific activated myeloid cell popu-
lations that support and sustain responsiveness to LAG-3 blockade.

These findings also suggest that T cell exhaustion may exist along
aspectrum, ranging fromearlier, more plastic dysfunctional states to
late or terminally exhausted states that are less amenable to rescue
with checkpoint blockade. As such, the absence of durable response
inall patients may, in part, reflect differences in the timing of therapy
relative to this exhaustion trajectory, although this is unlikely to be
the sole explanation for heterogeneous outcomesin GBM. Continued
interrogation of the TME using neoadjuvant strategies prior to surgical
resection, therefore, remains particularly important, as it may help
define when and in whom checkpoint blockade such as relatlimab is
most likely to be effective. Our ongoing A07221 Alliance phase 2 trial
(NCT06325683) will further investigate these immune correlative
findings and their impact on clinical efficacy.
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Methods

Clinical trial registration and information

Thistrialis registered under NCT02658981 with preregistration date of
24 August 2016. The primary completion date was 30 April 2022. The
study protocol and all related procedures were reviewed and accepted
by the NCI Cancer Therapy Evaluation Program of the Division of Can-
cer Treatment and Diagnosis.

Ethical approval and consent

This study was approved by the Johns Hopkins Office of Human Sub-
jects Research institutional review board (IRB), specifically IRB-2
with Committee Chair D. Cornblath. All regulatory documents were
supported by the Cancer Trials Support Unit, a service of the NCI. All
patients enrolledinthe trial provided informed consent for tissue col-
lection and trial enrollment as stated in the central IRB. The full list of
IRB membersis provided in Supplementary Information.

Patient selection

Potential participants were identified during chart review in advance
of a routine clinic visit or during a routine clinic visit with a provider.
Individuals were approached by the study teamif willing to learn more
about astudy for which they may be eligible. Discussions regarding trial
participation took place privately, and individuals were provided with
the IRB-approved consent form. To our knowledge, there were no clear
examples of self-selected bias.

Patients with histologically confirmed recurrent GBM or glio-
sarcoma after radiation therapy and temozolomide were recruited.
Disease recurrence was defined as tumor progression despite
standard-of-care treatment with the Stupp et al. protocol. Eligibility
criteriaincluded measurable contrast-enhancing disease (=1 cm x 1cm
onmagnetic resoanceimaging (MRI)) within 21 days of treatment initia-
tion, and all patients had to be off steroids (at the equivalent dose of
7.5 mg per day of prednisone) for at least 2 weeks prior to enrollment.
Lasttreatment of systemic chemotherapy was at least 6 weeks prior to
trial initiation, and radiation or local chemotherapy with carmustine
wafers was at least 12 weeks prior.

Participants had to be at least 18 years of age, have a KPS of at
least 60%, have preserved organ/marrow function (including absolute
lymphocyte count 21,000 per pl) and have no concurrent malignan-
cies (except curatively treated basal or squamous cell carcinoma of
the skin or carcinoma in situ of the cervix, breast or bladder). Prior
malignancies must have been disease free on whole-body surveillance
for atleast 5 years. Women of childbearing potential required a nega-
tive pregnancy testand contraception use during and after treatment
givenrisks of possible teratogenic effects with therapy. Males were also
expected to use anticonception measures during treatment periods.

Exclusion criteria included any other investigational agents,
active/recent autoimmune disease (except type 1 diabetes, hypothy-
roidism requiring only hormone replacement or non-systemic skin
disorders), immunosuppressive therapy within 14 days of treatment
start or >1 mg per day dexamethasone for >1 week before treatment.
HIV-positive individuals on antiretroviral therapy were ineligible.

Study design, treatment schedule and sample collection

Aspartofthe NCIABTC, ABTC1501was amulticenter, phase 1open-label
platform design in the United States that allowed for multi-arm
approaches with the opportunity to add on or drop off checkpoint
agent/agents during the trial (Table 1). The initial study agents were
anti-LAG-3 and anti-CD137 mAb (BMS-663513) administered as asingle
agent or in combination with nivolumab antibody for patients with
recurrent GBM. Any patients deemed surgical candidates underwent
maximally safe surgical resection prior to initiation of therapy. At
time of surgery, patient samples were collected and stored in either
saline or formalin for pathology processing per standard of care and
downstreamimmunophenotyping. For the purposes of this paper, we

focused on therelatlimab portion of the study and will report findings
involving anti-CD137 antibodiesin asubsequent report. The study was
designed in three parts for safety evaluation with a target DLT rate of
less than 30%.

Part A determined the MTD of relatlimab monotherapyin patients
who were assigned either relatlimab or anti-CD137 monotherapy by
sequential allocation as designed by our statistical team. A modified
rule-based dose escalation with a total of seven patients was required
per dosage cohort to determine the MTD. There were three prespeci-
fied doses of relatlimab at 80 mg, 240 mg and 800 mg. These dos-
ages were based on studies in other cancers treated with the same
investigational agents®.

Part Baimedtoidentify asafe combination regimen of relatlimab
whenadministered in combination with nivolumab. Treatment with
the combination of relatlimab and nivolumab was initiated after
the MTD of relatlimab was confirmed in part A. Nivolumab dosages
followed historical safe dosages (240 mg). Given increased rates of
immune-related adverse events with combination immunotherapy?,
the plan was to originally dose relatlimab one step down from the
MTD that was determined in part A. However, due to reports of
increased rates of myocarditis with combination nivolumab and
relatlimab in another trial®, the decision was made to start relatli-
mab dosage at 80 mg and escalate to 160 mg for combination
therapy with 240 mg nivolumab. Patients again were assigned by
sequential allocation.

Part C examined the safety and impact of neoadjuvant relatlimab
monotherapy and combination relatlimab/nivolumab therapy onthe
immune microenvironment for recurrent GBM. Patients received one
preoperative (neoadjuvant) dose 10 days (+3 days) prior to planned
surgery. After surgery, patients underwent treatment with either
relatlimab alone (800 mg) or combination relatlimab (160 mg every
2 weeks) and nivolumab (240 mg every 2 weeks). Sample sizes for
parts A, Band C were determined based off of previous trials for GBM
(Extended Data Table 1) and published FDA guidance for expansion
cohorts™. All procedures were approved by the Cancer Therapy Evalu-
ation Program with a central IRB and Brain Malignancy Steering Com-
mittee asabove, with all patients enrolled in the clinical trial consented
for tissue specimen and blood collection for research. Researchers
involved with tissue processing and immune assays were blinded to
patient demographics.

Clinical assessments

The safety evaluation period for dose-escalation decisions was 4 weeks
from the initial dose (cycle 1). Version 5.0 of the NCI CTCAE was used
for scoring toxicity and adverse events. Safety assessments involved
monitoring and recording all adverse events, pregnancy testing (in
women with childbearing potential), serial monitoring of hematology
andblood chemistry, regular measurement of vital signs and physical/
neurological examinations; electrocardiograms and other cardiac
monitoring were performed as necessary after clinical evaluation. All
adverse events were evaluated and recorded during the trial period.
Patients with measurable disease were assessed by MRI prior to every
oddcycle.

mRANO criteria

Patients with measurable (1 cm x 1 cm) contrast-enhancing disease
at baseline were assessed by MRI prior to every odd cycle of immune
checkpoint inhibitor treatment under mRANO criteria' to mitigate
potential immunotherapy-related pseudoprogression by requiring
confirmation of radiographic progression within a 6-month window
of starting treatment in non-surgical patients. Complete response was
defined as disappearance of allenhancing and non-enhancing disease
foratleast4 weeks, nonew lesions, discontinuation of corticosteroids
(except physiologic doses), stable orimproved T2/FLAIR lesions and
stable orimproved clinical status.
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Partial response required atleast 50% reductionin the sum of per-
pendicular diameters of measurable lesions sustained for 4 weeks, no
progression of non-measurable disease, no new lesions, corticosteroid
dosenogreater thanbaseline and stable orimproved T2/FLAIR lesions
and clinical status; again, non-measurable disease precludes partial
response. Stable disease represents maintenance of status that does
not qualify for complete response, partial response or progression,
requiring 4-week duration with stable imaging findings on same or
lower corticosteroid doses.

Progressive disease was defined by at least 25% increase in tumor
measurements, significant increase in T2/FLAIR lesions not due to
other causes, any new lesion, clear clinical deterioration not attribut-
able to other factors, death or clear progression of non-measurable
disease. For the first 6 months after initiation of treatment, radio-
graphic progressionrequired confirmation of progression as defined
by increased contrast-enhancing tumor growth more than 2 months
after initial progressive enhancement to be considered progressive
disease. Pseudoprogression was defined asinitial progressive enhance-
mentwithin the first 6 months of treatment followed by disease stabil-
ity or regression on the confirmation scan. If radiographic progression
occurred after 6 months from the start of treatment, no confirmation
was required for progressive disease.

Immune correlation studies

Immunofluorescence. Anautomated multipleximmunofluorescence
(mIF) panel was developed for use in FFPE GBM human samples using
methods previously described®. The final 3-plex panel was validated
onarchival GBMto show equivalence with serial sections of individual
immunohistochemistry (IHC) stained slides.

In brief, samples were baked offline for 3 h at 65 °C and loaded
ontoaleicaBOND RX automated research stainer (Leica Biosystems).
Samples were baked online at 60 °C for 30 min, and residual paraffin
was removed (Dewax; Leica Biosystems). Initial antigen retrieval was
performed usinga pH 9 EDTA buffer (ER2; Leica Biosystems) for 40 min
at 100 °C, followed by another round of antigen retrieval using pH 6
sodium citrate buffer (ER1; Leica Biosystems) at 95 °C for 20 min. After
initial blocking for endogenous peroxidases (BLOXALL; Vector Labs),
non-specific antibody binding was blocked (Protein Block; Agilent
Technologies). All primary antibodies were diluted in antibody dilu-
ent with background-reducing components (Agilent Technologies).
Primary antibodies, polymers and opals were applied for Position 1
(see table), and then antibody stripping was performed using a pH
6 sodium citrate buffer (ER1; Leica Biosystems) for 20 min at 95 °C.
This process was repeated for each position, after which slides were
counterstained (Spectral DAPI; Akoya Biosciences) and coverslipped
(ProLong Diamond; Invitrogen).

Whole-slide scans of the mIF-stained slides were acquired using
Phenolmager HT (Akoya Biosciences) with the standard set of mul-
tispectral slide scan filters. Regions of interest were selected using
Phenochartversion1.1.0 (Akoya Biosciences) and then unmixed using
amicroscope-specificlibrary consisting of the matching fluorophores
using inForm version 2.5.1 (Akoya Biosciences). Individual unmixed
TIFF files were stitched together using HALO version 6.8 (Indica Labs).
Using this software, we quantified the percentages of cells positive for
CD8, PD-1and/or LAG-3. Dueto substantial intratumoral heterogeneity
of GBM, CD8" T cells, CD8*PD-1", CD8'LAG-3" and CD8'PD-1'LAG-3",
subsets were quantified across entire whole-slide images rather than
within predefined regions of interest. Allmeasurements were obtained
from asingle experimental replicate (n = 1) and a single experimental
runto minimize batch effects and ensure analytical consistency. Each
dotrepresents whole-slide data from a single patient.

RNA isolation and gene expression profiling. Total RNA was
extracted from 5-um-thick FFPE sections obtained from surgical
resection of patients with recurrent GBM using an RNeasy FFPE Kit

(Qiagen) following the manufacturer’s protocol. RNA was quanti-
fied using Qubit and NanoDrop. Then, 100 ng of total RNA was run
on an nCounter SPRINT Profiler system for gene expression profiling
using the commercial human pan-cancerimmune profiling panel with
770 immune-related genes, including 14 internal reference controls
(XT-PGX-Huv1, NanoString; Bruker Spatial Biology). Data were analyzed
using nSolver 4.0 software with an nCounter Advanced Analysis 2.0
add-on (NanoString; Bruker Spatial Biology).

T cell clonality. Genomic DNA from FFPE samples were extracted
(Qiagen AllPrep DNA/RNA Kit) and amplified by polymerase chain
reaction (PCR) with primers (Adaptive Biotechnologies) that span V3
and JP regions to capture TCRP gene segments. Sequencing adapt-
ers were ligated using a library preparation kit and performed on an
lllumina platform (MiSeq), and raw sequencing reads were processed
(MiXCR) toidentify clonotypes and their relative frequencies. Simpson
clonality was calculated to assess the TCR repertoire with visualization
and statistical analysis performed using GraphPad Prism.

Gene expression profiling. FFPE samples from surgical resection of
patients with recurrent GBM were deparaffinized for RNA extraction.
Reporter and capture probes for genes of interest were mixed in hybrid-
ization buffer with the sample at 65 °C for 16-20 h with hybridized
samplesloadedintonCounter cartridge and nCounter Digital Analyzer
forbarcode detection to measure gene expression (NanoString; Bruker
Spatial Biology). Results were analyzed using nSolver (NanoString;
Bruker Spatial Biology). Pvalues for differential expression were com-
puted using anegative binomial generalized linear model with Wald test
statisticsin the NanoString nSolver Advanced Analysis module. In this
exploratory analysis, significance was defined as anominal P < 0.05.

MIBI-TOF. MIBI-TOF was performed using a custom human panel tar-
geting immune (CD45, CD4, CDS8, Foxp3, P2RY12, CD68, CD14, CD20,
HLAI, CD163, CD206), tumor (Sox9, Olig2), exhaustion (PD-1) and
metabolic (ASCT2, CD36) markers, obtained in a preformulated, lyo-
philized format from IONpath, Inc. Antibodies were resuspended in
TBS-IHC Tween with 3% donkey serum and filtered before staining.
Tissue preparation followed standard protocols, including deparaffi-
nization, antigen retrieval, blocking, overnight antibody incubation,
fixation and dehydration. Hematoxylin and eosin (H&E)-stained sec-
tions were reviewed for quality control, and background staining was
manually assessed.

MIBI data were acquired using a uniform field of view (800 um?,
when possible), an 8.5-nA beam current and a 0.58-ms dwell time.
Background correction and noise removal settings were turned off.
To correct for signal contamination, we applied Rosetta Matrix Com-
pensation, a method that subtracts known overlapping markers using
an empirically determined matrix*. Intensity normalization was per-
formed using median pulse height (MPH), fitting a polynomial function
to mass-specific dataacross runs and adjusting signal drift based on a
predefined normalization curve®.

Cells were segmented using the deep-learning-based Mesmer
model, using HH3/dsDNA for nuclear segmentation and a composite
of CD14, CD45, CD8 and HLA1 for membrane segmentation®*. Cell phe-
notyping was conducted using Pixie, an unsupervised pixel clustering
algorithm that overclustered pixels and cells before hierarchical con-
sensus clustering into 20 metaclusters® ¥, Assignments were validated
through manualinspectionin Adobe Photoshop, and systematicerrors
were corrected by refining clustering parameters.

Statistical analysis

Baseline patient and disease characteristics were summarized using
descriptive statistics. Safety datawere evaluated based on NCI CTCAE
version 5, and the incidence rate of adverse events was presented
using a proportion of the total number of treated patients for each
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group. Tumor responses wereinitially classified by investigator assess-
ment and subsequently followed by a central review. PFS and OS were
measured from date of treatment initiation to database locking, with
exceptionsfor clinical event occurrence or censorship. Survival prob-
ability was estimated using the Kaplan-Meier method. The confidence
interval of median survival time was constructed by the Brookmeyer-
Crowley method. Immune correlative studies were exploratory and
mechanisticinnature, and the data were presented either descriptively
orthrough two-tailed Student’s ¢-test, with P < 0.05 considered statisti-
cally significant using R and GraphPad Prism. The analysis of clinical
datawas performed using SAS version 9.4 (SAS Institute).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The full study protocol with the statistical plan is available in Sup-
plementary Information. Any requests for additional clinical data
canbe sentby email toM.L. and will be reviewed by the Johns Hopkins
University IRB prior to being shared. Immune correlative data that will
be used for further scientific investigation as stated by email are also
availableby requestto M.L.and should have aresponse within 2 weeks.
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Extended Data Fig. 1| Representative longitudinal MRI scans from three recurrent GBM treated with adjuvant 160 mg anti-LAG-3/240 mg anti-PD-1mAb
long-term survivors (OS > 24 months) treated with combination therapy, with gradual radiographic response and near-complete resolution by 16 months.
demonstrating delayed radiographic responses following initial post- Patient 3: 48-year-old male with MGMT-methylated recurrent GBM treated
treatment enhancement. Patient 1: 22-year-old male withMGMT-unmethylated ~ withadjuvant 160 mg anti-LAG-3/240 mg anti-PD-1 mAb, exhibiting progressive
recurrent GBM treated with adjuvant 80 mg anti-LAG-3/240 mg anti-PD-1 reductioninnodularenhancement and edema with near-complete radiographic
mAb demonstrating initial post-radiation enhancement followed by delayed response. Tabulated radiographic outcomes categorized as pseudoprogression,
radiographicimprovement who received a total of 24 cycles and remains alive stable disease, or progressive disease according to mRANO criteria.

after completion of the trial. Patient 2: 64-year-old male with MGMT-methylated
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Extended DataFig. 2| T cell clonality expansion after ICI treatment. (A) Simpson
clonality indicates differential T cell receptor diversity across responders and

non-responders. (B) Differences in T cell receptor diversity between initial
resection and post-chemotherapy in one responder and non-responder patient.
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(C) Expansion of T cells in peripheral blood after immunotherapy initiation in
oneresponder and one non-responder patient. Simpson clonality measurements
were obtained from a single experimental replicate (N =1) and each dot
represents whole-slide data from a single patient.
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combination therapy arm. (B) Descriptive comparison of overall survival
between patients treated with relatlimab/nivolumab in ABTC 1501 and patients
treated with nivolumab alone in a prior ABTC phase Il trial with historical control
arm having 22% 0S12. Shown for contextual reference only; notintended as a
formal historical control.
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Extended Data Table 1| Reference data for previous trials with objectives on patient survival

i Number Specific
COns.ortnum of Baseine Age Baseline KPS mutation Median OS
trials Phase subjects (median,range) (median,range) Tumor required Yearofthetrial Tested agent/agents (month)
ABTC 0903 1711 45 54 (23-80) 80 (60-100) recurrent GBM Noun 2010 Cediranib+Cilengitide 6.5
ABTC 0904 o/1l 41 58 (33-79) 80 (60-100) recurrent GBM Noun 2009 GDC-0449 7.8
ABTC 0906 Il 47 57 (35-75) 80 (60-100) recurrent GBM Noun 2010 RO4929097 7

The consortium used standardized protocols for the trial’s development/execution with similar eligibility criteria for recurrent GBM. The historical trial information serves as a reference, not a
formal historical control or formal trial comparator, since the ABTC 1501 was a phase | trial and not designed to formally conduct survival comparisons with a historical control.
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Extended Data Table 2 | Baseline characteristics, treatment exposure, and clinical outcomes of patients treated with
anti-LAG-3-based therapy

De-ldentified Age KPS PD (1=yes, New Therapy Death (1=yes,

Labels __IDH status Part/Arm Dosage (years)  Steroids __ base _Extentofsurgery MGMT status __O=censored) PFS (months) __After PD After Therapy O=censored) _OS (months)
NOOT IDHWT _Group 1: Anti-LAG-3 Monotherapy  800mg 59 90 Gross Total Resection Methylated 1 6.21 Yes Temozolomide 1 2356
N002 IDHWT  Group 1: Anti-LAG-3 Monotherapy ~ 800mg 67 Dexamethasone 90  SubtotalResection  Unmethylated 1 2.20 Yes Bevacizumab 1 7.23
N003 IDHWT  Group 1: Anti-LAG-3 Monotherapy ~ 800mg 61 70  GrossTotalResection ~ Unmethylated 1 1.77 1 2.56
NOO4 IDHWT  Group 1: Anti-LAG-3 Monotherapy ~ 800mg 52 80  Gross Total Resection Methylated 1 2.96 1 9.89
N005 IDHWT  Group 1: Anti-LAG-3 Monotherapy ~ 800mg 63 80  Subtotal Resection Methylated 1 276 1 3.06
N006 IDHWT : Anti-LAG-3 Monotherapy ~ 800mg 55 90  Gross Total Resection Methylated 1 2.53 1 15.67
N0O7 IDHWT nti-LAG-3+Anti-PD-1 160+240mg 37 Dexamethasone 90  Subtotal Resection Methylated 1 12.71 Yes Lomustine + Procarbazine 1 21.03
N008 IDHWT nti-LAG-3+Anti-PD-1 160+240mg 43 100  Gross Total Resection Methylated 1 3.06 1 18.89
N009 IDHWT nti-LAG-3+Anti-PD-1 160+240mg 39 90  Gross TotalResection  Unmethylated 1 2,53 Yes Avastin 1 6.80
NO10 IDHWT Nti-LAG-3+Anti-PD-1 160+240mg 56 90  Gross TotalResection  Unmethylated 1 8.41 Yes 1 26.51
NO11 IDHWT  Group 3: Anti-LAG-3+Anti-PD-1 160+240mg 68 Dexamethasone 70  Gross TotalResection  Unmethylated 0 1.22 1 16.72
NO12 IDHWT  Group3: Anti-LAG-3 +Anti-PD-1 160 +240mg 50 100  Gross Total Resection Methylated 0 0.69 1 16.62
NO13 IDHMT nti-LAG-3+Anti-PD-1 160+240mg 30 100  Gross TotalResection  Unmethylated 1 2.86 Yes Bemcentinib 1 16.33
A001 IDHWT nti-LAG-3 Monotherapy  240mg 70 80  Gross Total Resection Methylated 1 1.84 Yes Capecitabine + Bevacizumab 1 8.41
A002 IDHMT nti-LAG-3 Monotherapy  800mg 29 90  Gross Total Resection Methylated 1 5.59 Yes Lomustine 0 70.67
A003 IDHWT  Part A: Anti-LAG-3 Monotherapy ~ 800mg 64 80  Gross TotalResection  Unmethylated 1 7.00 1 10.09

Avastin (12/2/16; Pembrolizumab
A004 IDHWT  PartA: Anti-LAG-3 Monotherapy ~ 80mg 58 70  GrossTotalResection ~ Unmethylated 1 2.46 Yes 12/15/16) 1 7.75
A005 IDHWT  PartA: Anti-LAG-3Monotherapy ~ 80mg 59 80  Subtotal Resection Methylated 1 1.91 0 2.89
A006 IDHWT  Part A: Anti-LAG-3 Monotherapy ~ 800mg 62 90  Subtotal Resection Methylated 1 2.14 Yes Avastin/ Lomustine 1 15.31
A007 IDHWT  Part A: Anti-LAG-3 Monotherapy ~ 800mg a7 80  Gross TotalResection  Unmethylated 1 2.04 Yes Avastin 1 7.10
A008 IDHWT nti-LAG-3 Monotherapy ~ 800mg 77 80  GrossTotalResection ~ Unmethylated 0 0.89 1 2.04
A009 IDHWT nti-LAG-3 Monotherapy  80mg 56 80  Gross Total Resection Methylated 1 2.07 Yes Radiation + Temozolimide 1 8.71

A010 IDHWT  Part A: Anti-LAG-3 Monotherapy ~ 240mg 57 90  Gross TotalResection  Unmethylated 1 3.68 Yes Radiation And Temozolomide 1 12.52
A0 IDHWT nti-LAG-3 Monotherapy  800mg 54 90  Subtotal Resection Methylated 1 2.79 Yes Bevacizumab 1 20.07
A012 IDHWT nti-LAG-3 Monotherapy ~ 800mg 55 70 Gross Total Resection Methylated 1 1.38 Yes Avastin 1 8.38
A013 IDHWT nti-LAG-3 Monotherapy  800mg 60 100 Gross TotalResection  Unmethylated 1 2.27 Yes Avastin 1 4.30
A014 IDHWT nti-LAG-3 Monotherapy ~ 800mg 66 90  GrossTotalResection ~ Unmethylated 1 1.84 Yes Avastin 1 6.05
A015 IDHWT  Part A: Anti-LAG-3 Monotherapy ~ 800mg 65 90  Gross Total Resection Methylated 1 1.91 Yes Avastin 1 4.37
A016 IDHWT nti-LAG-3 Monotherapy  240mg 39 90  GrossTotalResection ~ Unmethylated 1 3.19 Yes Pembrolizumab + Reirradiation 1 15.97
A017 IDHWT : Anti-LAG-3 Monotherapy ~ 800mg 59 90  Gross TotalResection  Unmethylated 1 7.46 Yes Lomustine 1 2224
B0O1 IDHWT  PartB:Anti-LAG-3+Anti-PD-1  160+240mg 47 90  Gross TotalResection  Unmethylated 1 1.64 Yes Radiation Therapy 1 7.85
B002 IDHWT  PartB:Anti-LAG-3+Anti-PD-1  160+240mg 64 90  Subtotal Resection Methylated 1 14.03 Yes AMG-232 1 30.78
B0O3 IDHWT  PartB:Anti-LAG-3+Anti-PD-1 ~ 80+240mg 45 80  SubtotalResection  Unmethylated 1 2.00 Yes Avastin 1 6.93
BOO4 IDHWT  PartB:Anti-LAG-3+Anti-PD-1  160+240mg 52 90  SubtotalResection Indeterminate 1 3.91 1 5.45
BOO5 IDHWT  PartB:Anti-LAG-3+Anti-PD-1 ~ 80+240mg 22 90  Gross TotalResection ~ Unmethylated 0 23.26 Yes Nivolumab 0 73.59
BO06 IDHWT  PartB:Anti-LAG-3+Anti-PD-1  160+240mg 52 70  Gross TotalResection ~ Unmethylated 1 1.87 Yes BCNU 1 46.19
BOO7 IDHMT  PartB:Anti-LAG-3+Anti-PD-1  160+240mg 48 90  Gross Total Resection Methylated 0 28.62 1 62.72
B008 IDHWT  Part B:Anti-LAG-3+Anti-PD-1 160 +240mg 67 90  Gross Total Resection  Unmethylated 1 1.15 Yes Avastin 1 5.19
B009 IDHWT  PartB:Anti-LAG-3+Anti-PD-1  160+240mg 55 Dexamethasone 80  Gross TotalResection  Unmethylated 1 1.87 Yes Avastin 1 8.02
B0O10 IDHWT  PartB:Anti-LAG-3+Anti-PD-1  160+240mg 49 100  Gross Total Resection Methylated 1 1.94 Yes Avastin 1 9.00
BO11 IDHWT  PartB:Anti-LAG-3+Anti-PD-1 ~ 80+240mg 67 90  Gross TotalResection  Unmethylated 1 2.83 Yes Bevacizumab 1 10.15
BO12 IDHWT  PartB:Anti-LAG-3+Anti-PD-1  160+240mg 60 Dexamethasone 80  Gross Total Resection  Unmethylated 0 355 1 3.55
BO13 IDHMT  PartB:Anti-LAG-3+Anti-PD-1  160+240mg 22 90  Gross Total Resection Methylated 1 217 Yes Radiation Therapy 1 17.02
BO14 IDHMT  PartB:Anti-LAG-3+Anti-PD-1 160+240mg 51 Dexamethasone 70  Gross TotalResection  Unmethylated 1 2.69 Yes Bevacizumab 10 Mg/kg Iv Every 2 Weeks 1 12.09
BO15 IDHWT  PartB:Anti-LAG-3+Anti-PD-1  160+240mg 45 90  Gross TotalResection  Unmethylated 1 1.64 Yes Bevacizumab 10 Mg/kg v Every 2 Weeks 1 8.05
B016 IDHMT___Part B: Anti-LAG-3+ Anti-PD-1__160+240mg__ 64 90 Gross Total Resection L 1 1.61 1 2.73

Summary of individual patient-level data for adults with IDH-wildtype (IDH WT) or IDH-mutant (IDH MT) gliomas enrolled across study parts evaluating relatlimab monotherapy or relatlimab/
nivolumab combination therapy. Shown are patient demographics (age), baseline performance status (KPS), history of steroid use, extent of surgery, and MGMT promoter methylation
status, along with treatment assignment and dosing. Clinical outcomes include progression status (PD), progression-free survival (PFS, months), subsequent therapies administered

after progression, and overall survival (OS, months), with censoring indicated where applicable. PD and death are coded as binary variables (1= event, O = censored). (KPS: Karnofsky
Performance Status; MGMT: 06-methylguanine-DNA methyltransferase; PD: progressive disease; PFS: progression-free survival; OS: overall survival).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|X| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

O0OX O OO0 000F%

|Z| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No custom code was used

Data analysis Statistical analysis done with SAS, version 9.4, Graphpad Prism 10, R version 4.4.3

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

A de-identified dataset with information necessary to interpret, verify, and extend the research in the present study will be made available to the public upon
request. This data could relate to immu ne correlative studies, clinical trial outcomes and demographics, and safety data. The contact for data request is Michael
Lim. Requests will be honored within 4 weeks. No large database was required for accession codes.




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Demographics outlined in table 1 and are included in our clinical trial design document. In our study, we had 29 males (63%)
and 17 females (37%) enrolled as defined by sex assignment at birth. This is assignment is similar to national statistics that
show that the male-to-female incidence ratio is roughly 1.6:1 according to the 2011 study done by Dubrow and Darefsky that
was published in BMC Cancer.

Reporting on race, ethnicity, or ' Demographics outlined in table 1 and are included in our clinical trial design document. In its original design, the study's

other socially relevant demographics were limited to differentiating white (91%) and non-white patients. This is a limitation of the study and will be
groupings revised in the upcoming Alliance trial.
Population characteristics Demographics outlined in table 1 and are included in our clinical trial design document. The pertinent population

characteristics involved functional status (KPS), IDH status (which is the greatest prognostic indicator for gliomas), MGMT
status (another prognostic indicator), and whether patients had steroids or anticonvulsants as part of their recurrence
treatment.

Recruitment Demographics outlined in table 1 and are included in our clinical trial design document with a full list of inclusion and
exclusion criteria.

Ethics oversight Demographics outlined in table 1 and are included in our clinical trial design document. This study and trial protocol were
reviewed by Central Institutional Review, Cancer Therapy Evaluation Program, and Brain Malignancy Steering Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size 65; this was determined through preliminary statistical analysis for determining a maximum tolerated dosage.
Data exclusions  Two patients were excluded because they did not receive treatment
Replication Immune correlative experiments were replicated in triplicate unless otherwise specified.

Randomization  Patients were sequentially allocated across anti-CD137, anti-LAG-3, and combination anti-LAG-3 and anti-PD-1 groups for both the adjuvant
and neoadjuvant setting

Blinding Immune correlative investigators were blinded to patient demographics.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used

Validation

Clinical data

anti-LAG-3 antibody (Relatlimab BMS-986016), anti-PD-1 antibody (Nivolumab, BMS-936558)

These antibodies were provided by BMS in the dosages described in the manuscript as pharmaceutical grade therapeutic monoclonal
antibodies (anti-LAG-3: 20mg, 80mg, 240mg, 800mg; anti-PD-1: 240mg)

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol

Data collection

Outcomes

Plants

NCT02658981
Attached as a supplemental document

The data were collected by the central operation office of the Adult Brain Tumor Consortium (ABTC) and is located at the Johns
Hopkins Medical Institute (JHMI), USA. This trial is registered under NCT02658981 (https://clinicaltrials.gov/study/NCT02658981)
with pre-registration date 2016-08-24. Primary completion date was 2022-04-30. The study protocol and all related procedures were
reviewed and accepted by the Cancer Therapy Evaluation Program (CTEP) of the Division of Cancer Treatment and Diagnosis (DCTD),
National Cancer Institute (NCI). It was approved by the Johns Hopkins Office of Human Subjects Research, Institutional Review Board
(IRB), specifically IRB-2 with Committee Chair David Cornblath. All regulatory documents were supported by the Cancer Trials Support
Unit (CTSU), a service of the NCI.

We defined our primary outcomes as the maximum tolerated dosage for anti-LAG-3 monotherapy and in combination with anti-PD-1.
Secondary outcomes were exploratory and preliminary efficacy studies that were not statistically powered for clinical validation.

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Describe-any-atthentication-procedures foreach seed stock-tised-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Interval MRI surveillance for patient tumor recurrence

Baseline images with subsequent 1-2 month follow-up and 1-6 months surveillance scans thereafter

Behavioral performance measures  No functional studies

Acquisition
Imaging type(s) T1 sequences with and without contrast, T2 flair sequences
Field strength 3T
Sequence & imaging parameters T1 with and without contrast 1mm slice thickness, T2 flair 2mm slice thickness
Area of acquisition Whole brain
Diffusion MRI [ ] Used Not used

Preprocessing

Preprocessing software

n/a
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Normalization n/a

Normalization template n/a
Noise and artifact removal n/a
Volume censoring n/a

Statistical modeling & inference

Model type and settings n/a
Effect(s) tested n/a

Specify type of analysis: [ | whole brain [ | ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
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(See Eklund et al. 2016)
Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity

|:| Graph analysis

|:| Multivariate modeling or predictive analysis

Graph analysis Kaplan-Meier, column, and swimmer plots were used to represent and analyze clinical data.
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