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The clonal glioma driver mutation IDHI®?" gives rise to a major
histocompatibility class II-restricted neoepitope. A multicenter,
first-in-human phase 1 trial met its prespecified primary endpoints by
demonstrating safety and immunogenicity of an IDH1-R132H peptide

vaccine (IDH1-vac) integrated into standard of care in 33 participants with
newly diagnosed grade Il and IV (World Health Organization classification
2007) IDH1-R132H" astrocytomas (NOA16). Here we report on the clinical
and immunological long-term follow-up of this trial as secondary and
translational endpoints. The 8-year progression-free and overall survival
(OS) rates were 0.42 months (confidence interval (CI): 0.24-0.59) and

0.66 months (Cl: 0.46-0.79), respectively. For participants with grade IV
astrocytoma, median OS was 106.1 months (Cl: 39.6-not estimable (NE)),
comparing favorably to the published median OS in this population ranging
from 31.6-56.4 months. Within the responder group, sustained antibody
responses to IDH1-R132H were associated with a favorable long-term clinical
course. IDH1-vac-induced T cell responses were detected in the inflamed
brain lesion of an IDH1-vac-associated pseudoprogression, whereas no
IDH1-vac-induced T cells were found in participants with early progressive
disease. The favorable long-term outcome of the NOA16 cohort supports
investigating IDH1-vacin persons with newly diagnosed grade 3 and 4
(World Health Organization classification 2021) /IDH-mutant astrocytomas in
arandomized phase 2 trial (ClinicalTrials.gov identifier: NCT02454634).

Mutations in the genes of isocitrate dehydrogenase (IDH) 1and 2 are
presentinnearly all astrocytomas and oligodendrogliomas. Most fre-
quently, these mutations resultin the neomorphic protein IDHI-R132H,
where arginine is substituted to histidine at position 132 in IDH1
(ref. 1). Grading of IDH-mutant gliomas has been changed over time.
Here, Roman numerals refer to the World Health Organization (WHO)
classification from 2007, which was used for NOA16, and Arabic numer-
alsrefertothe current central nervous system (CNS) WHO classification

from 2021. In persons with CNS WHO grade 2 astrocytoma with no
other treatment than surgery, vorasidenib, an oral brain-penetrant
inhibitor of mutantIDH1/2, recently showed improved progression-free
survival (PFS) and delayed time to the next intervention in a rand-
omized double-blinded phase 3 clinical trial’. As very first molecular
therapy inthis population, vorasidenib has received US Food and Drug
Administration and European Medicines Agency approval. With the
conceptofreprogramming and normalizing /DH-mutant glioma cells,
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IDH small-molecule inhibitors** are thought to be particularly effica-
cious at early disease stages. However, malignant transformation is
stillinevitable and CNS WHO grade 3-4 IDH-mutant tumors, despite
adjuvant radiochemotherapy, remain incurable. A 20-mer peptide
vaccine against IDH1-R132H (IDH1-vac) has been developed in major his-
tocompatibility complex (MHC) humanized mice’ and was assessed in
thefirst-in-human open-label phase 1 clinical trial NOA16. NOA16 dem-
onstrated the safety and immunogenicity of IDH1-vacin 32 participants
with WHO grade Ill and IV astrocytoma (WHO 2007) independent of
human leukocyte antigen allelotypes and in combination with standard
of care (SOC) radiotherapy and/or chemotherapy®. Here we reporton
the 8-year clinical and immunological long-term follow-up of the NOA16
cohort, correlate immune responses to long-term clinical outcomes
and provide a first rationale of an IDH1-vac maintenance therapy.

Results

Long-term clinical outcomes in participants following
treatment with IDH1-vac

In NOA16°, 33 participants with newly diagnosed astrocytoma,
IDH-mutant, gradellland IV, were enrolled and 32 participants (safety
population) received IDH1-vac in combination with SOC radiotherapy
and/or chemotherapy (radiotherapy and temozolomide (TMZ) (n =23,
71.9%), TMZ alone (n =3, 9.4%) or radiotherapy alone (n = 6,18.8%))
(Fig. 1a). A total of 21 (65.6%) participants had WHO grade Ill astrocy-
toma, IDH-mutant and 11 (34.4%) participants had grade IV astrocy-
toma (according to WHO classification 2007). A total of 17 participants
(53.1%) had undergone complete resection (CR) of the tumor, 12 (37.5%)
had undergone subtotal resection and three (9.4%) had undergone a
biopsy only. Median follow-up was 99.8 months (confidence interval
(CI1): 86.1-107.2). The 8-year PFS and overall survival (OS) rates of par-
ticipants in the safety dataset (SDS; n = 32) were 0.42 (CI: 0.24-0.59)
and 0.66 (Cl: 0.46-0.79), respectively (Fig. 1b,c). The median PFS was
60.1 months (CI: 32.3-not estimable (NE)) and after the median OS was
notreached after 8 years.

The 8-year PFS and OS rates in the grade Ill population were 0.43
(CI: 0.22-0.62) and 0.68 (CI: 0.43-0.84), respectively (Fig. 1d,e). The
8-year PFSand OSratesin participants with grade IV astrocytomas were
0.36 (Cl: 0.07-0.68) and 0.62 (CI: 0.28-0.84), respectively. The median
PFS was 56.7 months (CI: 32.0-NE) for participants with grade Ill and
89.4 months (Cl: 8.9-NE) for participants with grade IV astrocytomas.
The median OS for participants with grade Ill astrocytoma was still not
reached after 8 years. For participants withgrade IV astrocytoma, the
median OS was 106.1 months (CI: 39.6-NE).

Inparticipantswith grade llland IV astrocytoma, the IDH-mutant
and CR (n=17) 8-year PFS and OS rates were 0.68 (Cl: 0.38-0.86) and
0.88 (CI: 0.60-0.97), respectively (Fig. 1f,g). For participants with CR,
the median PFS was 109.7 months (CI: 32.3-NE), whereas the median
OSwas not reached (cutoff: February 2025).

Methylation class-based grading was determined retrospectively
for 24 of 32 participants (75.0%). A low-grade methylation class was
found in 14 astrocytomas (58.3%) and, in the remaining ten (41.7%)
astrocytomas, a high-grade methylation class was found. The 8-year
PFS and OS rates in participants with a low-grade methylation class
(n=14)were 0.57 (CI: 0.28-0.78) and 0.86 (Cl: 0.54-0.96), respectively.
The median PFS and OSinthe high-grade methylation class subpopu-
lation were 60.1 months (CI: 5.7-NE) and 72.8 months (CI: 9.1-NE),
respectively (Extended Data Fig. 1). While this outcome compares
favorably to published cohorts stratified by methylation’’, the small
sample size, differences in cutoff values and molecular and clinical
confounders limit the relevance of this comparison.

Association ofimmune response to clinical outcome

In the initial trial report, exploratory analyses suggested biological
activity of IDH1-vac®. First, there was a strong positive correlation of
intratumoral IDH1-R132H peptide presentation in the tumor tissue

with the magnitude and sustainability of specific peripheral T cell
responses. Second, compared to a molecularly controlled cohort
of 60 participants receiving SOC, 37.5% (12/32) of NOA16 partici-
pants experienced pseudoprogression (PsPD) versus 16.7% (10/60)
in the control cohort. Third, in one of the participants with PsPD,
vaccine-induced IDH1-R132H-reactive T cells were retrieved from a
post-treatment resected inflammatory lesion, linking the presence of
IDH1-vac-induced T cells to PsPD'. With the 8-year PFS and OS rates at
hand, we aimed toinvestigate whether adaptiveimmune responses to
IDH1(R132H) assessed during the trial were associated with long-term
clinical outcomes, even though the IDH1-vac was only given during
the trial for 6 months. Two participants without immune response
showed progressive disease (PD) within 2 years and died within 3 years
of first diagnosis (Fig. 2a,b). In contrast, alandmark analysis revealed
that, in participants with an IDH1-vac-induced immune response in
the first year, the OS probability 8 years later was still over 50%. As
IDH1-vac treatment elicits both T cell (responders: 87.5% (28/32)) and
B cell (responders: 93.75% (30/32)) responses and as both responses
were elicited in most participants (81.3%, 26/32), we next aimed to
correlate clinical long-term outcomes to the quality and dynamic of
T or B cell responses. Overall, T cell response peaked at week 23 and
started to decline at week 35, which is the first time point after vac-
cination—12 weeks after the last vaccination (Extended Data Fig. 2).
At year 8 after IDH1-vac treatment, PFS and OS rates were similar in
participants who showed a T cell mutation specificity score (T-MSS)
above versus below median (Fig. 2c,d). T-MSS® was previously defined
considering boththe on-trial duration and the mutation specificity of
theT cell response during IDHI-vac treatment. In contrast to the T cell
responses, IDH1-R132H-specific antibody responses assessed by ELISA
were generally more sustained (Extended Data Fig. 2). Interestingly,
IDH1-R132H-specific antibody responses varied between participants,
peaking before the last vaccinationin some participants, while others
developed sustained IDH1-R132H-specific responses upon the last vac-
cination or later (Fig. 2e,f). Comparing participant outcome between
thetwo groups, the PFSand OSwereimproved in the participants that
developed their best IDH1-R132H-specific antibody response upon the
last vaccination time point or later, likely profiting from repetitive vac-
cinations (Fig.2g,h and Extended DataFig. 2). To exclude confounding
factors such as the proportion ofimmunosuppressive peripheral cell
populations at baseline, we correlated long-term clinical outcomes
to peripheral immune cell phenotypes but did not find explainable
differences (Extended Data Fig. 3). In summary, sustained immune
response during the trial, particularly ahumoral IDH1-R132H-specific
response, correlated positively with a favorable long-term clinical
course in the NOA16 population.

TCRrepertoires and specificities in progression and PsPD

We previously showed that transcriptionally defined inflamma-
tory IDH1-R132H-reactive T cells are present in PsPD. To investigate
whether PDis associated with the transient nature of IDH1-vac-induced
T cell responses or dysfunction of intratumoral IDH1-R132H-reactive
T cells, we performed T cell receptor (TCR) bulk sequencing of three
histologically confirmed recurrent diseases (ID09, ID21and ID32) and
compared these to the molecularly characterized PsPD from partici-
pantIDO8. Productive frequencies of the top ten TCRs in each sample
were comparable with no relevant TCR sequence overlap (Fig. 3a).
Interestingly, the TCR repertoire evenness of PsPD was markedly
lower in comparison to PD, suggesting clonal expansion in PsPD
(Fig.3b). Aswe did not have access to freshly isolated tumor-infiltrating
lymphocytes (TILs) for full TIL o/ TCR reconstruction, we aimed to
identify participant-individual peripheral TCR 3 sequences reactive
to IDH1-R132H to assess their abundance within the post-treatment
PD versus PsPD tissues. To this end, we performed peptide-based
expansion of peripheral T cells” from participants IDO8 and ID21
and subjected these to TCR 3 deep and droplet-based single-cell TCR
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Fig.1|Long-term clinical course of participants receiving IDH1-vac.

a, Swimmer plot depicting disease progression (PD) and interventions for

each participant in the SDS (n = 32 participants). For every participant, disease
status was assessed in 3-6-month intervals. Disease status was once assessed
also at EOT as visualized. b,c, PFS (left) and OS (right) estimates with number of

participants at risk shown for all participants of the SDS. d,e, PFS (left) and OS
(right) estimates with number of participants at risk shown for all participants of
the SDS according to WHO grade (WHO classification 2007). f,g, PFS (left) and OS
(right) estimates with number of participants at risk shown according to extent of
resection. SR, subtotal resection. The 95% Clis displayed inb-g.
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sequencing (Fig. 3c). Expanded TCR clonotypes were retrieved, cloned
and electroporated by in vitro transcribed RNA into expanded syn-
geneic peripheral T cells (Extended Data Fig. 4). TCRs that mediated
CD107aexpression and TNF production after coculture of electropo-
rated T cells with IDH1-R132H peptide-loaded cells were subsequently
defined as IDH1-R132H-reactive TCRs (Extended Data Fig. 4). When
mapping these participant-individual IDH1-R132H-reactive TCRs
back to the corresponding tissues of participants IDO8 (PsPD) and
ID21(PD), IDH1-R132H-reactive T cells were exclusively found in PsPD
but not in the histologically confirmed PD (Fig. 3d). Interestingly, in
ID08, IDH1-R132H-reactive T cells were found in the peripheral blood
after vaccination start, declined over time and were subsequently
found to be clonally expanded in PsPD lesion. In contrast, in ID21,
IDH1-R132H-reactive T cells were found in the peripheral blood after
vaccination start, continuously declined in the peripheral blood and
were subsequently absent in the recurrent tumor (Fig. 3e). Overall,
our datasuggest that, insome persons, infiltration of vaccine-induced
T cellsinto the tumor are associated with PsPD but not PD.

Long-term dynamics of T and B cell responses

Asthe NOA16 immune monitoring dataset suggested an association of
sustained IDH1-vac-induced immune responses with favorable clini-
cal outcome, we investigated the impact of a maintenance vaccina-
tion therapy. Peripheral T and B cell responses from two assessable
on-trial immune responder participants, ID14 (only B cell response)
and ID33 (T and B cell response), were monitored for 6 years after
end of treatment (EOT). At that time, peripheral IDH1-R132H-specific
T cell responses were still not detected in ID14 (Fig. 4a,b), while an
IDH1-R132H-reactive B cell response, although reduced to end of study
(EOS) below the positivity cutoff, was still detectable (Fig. 4c,d). To
investigate whether reduced IDH1-R132H-reactive B cell responses can
beboostedin principle, we administered three additional vaccines to
participant ID14. Indeed, IDH1-R132H-specific antibody responses
wereboosted (titer:1:10,000 versus 1:100 at follow-up), as measured
by ELISA (Fig. 4e), without any adverse events according to Common
Terminology Criteria for Adverse Events (CTCAE) version 5.0 until
further progression. After the IDH1-vac booster, however, the partici-
pantremained aT cell nonresponder (Extended DataFig. 5). Next, we
asked whether an IDH1-vac booster is also safe in persons displaying
B and T cell responses. Therefore, we treated a female participant
with astrocytoma, WHO grade 3 (IDNU2), in analogy to the NOA16
treatment protocol. Interestingly, at baseline, this participant har-
bored an IDH1-R132H-specific endogenous T but not B cell response
(Extended Data Fig. 5). Then, 6 years following initial diagnosis and
SOC plusIDH1-vac, abooster IDH1-vac treatment was initiated at stable
disease. Indeed, both B and T cell IDH1-R132H-specific responses as
measured by ELISA (Fig. 3f), enzyme-linked immunospot (ELISpot)
assay (Fig.4g) andintracellular flow cytometry (Fig. 4h) were boosted
without any adverse events. IDNU2 currently remains stable 9 years
after initial diagnosis. In summary, long-term immune monitoring
in three participants suggests that, years after completion of eight
repetitive doses of IDH1-vac, peripheral T cell responses against
IDH1-R132H only persisted ina participant with spontaneousimmune
responses against IDH1-R132H and that booster IDH1-vac treatments

couldresultinacontinuous peripheral source of IDH1-R132H-specific
T cells and/or antibodies.

Discussion

Thelong-termoutcome data of NOA16 demonstrate thatintegration of
along-peptide vaccine targeting a clonal driver mutation into SOC of
persons with newly diagnosed astrocytomais associated with meaning-
ful peripheraland intratumoralimmune responses and a favorable clini-
cal outcome, specifically in persons with CR (Fig. 1f,g), globalimmune
response (Fig. 2a,b) and sustained antibody responses (Fig. 2g,h).
A positive association of IDH1-vac-associated immune response with
favorable clinical course in persons with IDH-mutant glioma was
recently reported by others?in an uncontrolled named participant use
program. While data from this program generally support the concept
of IDH1-R132H vaccination for persons with glioma, our study provides
long-term follow-up data from a prospective multicenter national phase
1trialwithIDH1-vac as the sole experimental treatment and functional
validation of vaccine-induced IDH1-R132H-reactive TCRs. Moreover,
we carefully rationalized vaccination regimes with thorough reverse
translation immunomonitoring.

In line with the updated WHO classifications in 2016 and 2021
(ref. 13), molecular grading applying CDKN2A/B deletion sta-
tus was prognostic in a subset of the NOA16 cohort (Fig. 1 and
Extended Data Fig. 1). Of note, this was not the case for histological
grading according to WHO 2007. To better delineate the predictive
value of these molecular markers for the treatment of IDH1-vacaninves-
tigation in larger cohorts is required. In line with previous reports™,
extent of resectionis an obvious and strong clinical prognostic factor,
demonstrating the important aspect of macroscopically CR (when-
ever feasible). As IDH-mutant gliomas are characterized by an immu-
nosuppressive microenvironment, particularly associated with the
neomorphicenzymatic activity of mutant IDH and its oncometabolite
(R)-2-hydroxyglutarate™®*, a macroscopic CR may facilitate the infil-
trationand local effector function of IDH1-vac-induced immune cells.

The comparison of long-term clinical outcomes of the NOA16
population (Extended Data Fig. 6) to external, multiinstitutional and
historical cohorts is challenging as grading of IDH-mutant gliomas has
been substantially revised from the WHO classification 2007, which
was the basis for this trial, to more recent revisions in 2016 and 2021,
resultingin critical limitations. Nevertheless, the median survival rate
of participants enrolled in the CATNON (EORTC 26053-22054) trial®
withlow-grade and high-grade methylation class IDHI-R132H* gliomas
was 7.0 and 5.3 years?, respectively. In NOA16, the median OS has
still not been reached after 8 years, although 41.7% of the assessable
participants were classified as having high-grade methylation class
tumors (Fig. 2b). For participants with grade IV IDH-mutant astrocy-
tomaenrolled inNOA16, the median OS was 106.1 months, whereas the
median OS ranged from 31.6 to 56.4 months in other studies”” %, We
acknowledge that the selection bias and enrichment of known prog-
nostic confounders, such as the extent of resection, in this single-arm
study, as well asthe differences in grading in these studies according
to the respective WHO classifications applied, present critical limita-
tions for such comparisons. Although NOA16 was not designed to
demonstrate efficacy, it demonstrates that the immune response to the

Fig.2| T and B cell response as time-dependent variables in the NOA16
immunogenicity population. a,b, Simon and Makuch plot of PFS and OS
probabilities according to the time-dependent covariate IDH1-vac-induced
immune response (n = 30 participants). The x axes show the time since first
diagnosis. The number of participants at risk is indicated. ¢,d, Simon and Makuch
plot of PFS and OS probabilities according to the time-dependent covariate
T-MSS above and below median (IDS, n = 30). The x axes show the time since

first diagnosis. The number of participants at riskisindicated. e, Exemplary
longitudinal peptide-coated serum ELISA of participants ID29 and ID33. Week 1,
baseline before vaccination; week 47, EOS. Relative values are shown. Each time

point was assessed in technical triplicates. f, Participant individually normalized
dynamics of mutation-specific (RH/WT) antibody titers over the duration of

the repetitive vaccinations. Week 1, baseline before vaccination; week 23, time
point of last vaccination; week 47, EOS. Early versus late mutation-specific B

cell responders were compared. The two sampling time points with the highest
mutation-specific B cell response before versus at or after last vaccination

time point were used to define groups. g,h, Simon and Makuch plot of PFS and
OS probabilities according to the time-dependent covariate early versus late
mutation-specific B cell responders (IDS, n =30). The x axes show the time since
first diagnosis. The number of participants at risk is indicated.
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and ID32). ¢, Comparative peptide-based deep TCR 3 sequencing of PBMCs from
participants IDO8 and ID21 following IDH1(R132H) peptide-based expansion and
no peptide control. TCRs labeled in orange were above the predefined cutoff

V7

V12  Rec

(no peptide: <1073; IDH1-R132H: >107).d, Proportions of functionally validated
IDH1-R132H-reactive T cellsin tissues (IDOS8, PsPD; ID21, PD) and in IDH1-R132H
peptide-expanded PBMC-derived T cells. e, Clonal evolution of IDH1-R132H-
reactive T cells during repetitive vaccinations and in post-treatment tissues
asindicated. Clones are defined on the amino acid level. V5,V7,V10 and V13
represents participant visits per the study protocol®. V5is the first postvaccine
immunomonitoring time point.

IDH1-vacis associated with a favorable clinical outcome and provides
astrong rationale for trial design and endpoint definitions of a phase
2clinical study in participants with newly diagnosed CNSWHO grade 3
and 4 astrocytoma. Weidentified vaccine-induced IDH1-R132H-reactive
clonally expanded T cells in the tissue of a participant with PsPD but
not in a participant with PD, suggesting that these vaccine-induced
Tcellsdrive PsPD. Limited availability of tissue in this study precluded
the analyses of pretreatment tumor tissue and further PsPD tissue
samples. This question, however, will be addressed in the NOA21
window-of-opportunity trial®.

When assessing the quality of IDH1-vac-induced T cell responses
on a participant individual level over 47 weeks (until EOS), there was
no positive correlation of a long-term favorable clinical course and

the quality of T cell response. This may be accounted for by three
potential (nonexclusive) reasons: (1) the IDH1-vac-induced peripheral
T cell response is not prognostic per se; (2) the IDHI-vac treatment
restricted to only months but not years istoo short; or (3) the window
of peripheral multimodal immunomonitoring (47 weeks) is insuf-
ficient to study long-lasting memory responses. In addition, while
Tcellresponses have been observed across all class IHLA allelotypes
and paralogs, differences in affinities and avidities of peptide may
constitute a relevant confounder. Moreover, while no differences in
T cell responses were observed in the few persons who did not receive
TMZ chemotherapy compared to those receiving radiochemotherapy®,
we cannot exclude that TMZ may negatively impact sustained T cell
responses. NOA21 will assess the biological and clinical efficacy of the
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Fig.4|Booster IDH1-vac treatment. a,b, ELISpot assays of PBMC from
participants ID14 and ID33 restimulated with IDH1-R132H and IDH1-WT peptide as
indicated. SFUs following MOG stimulation (negative control) were subtracted.
Week 47, EOS. ¢,d, IDH1-R132H-coated and vehicle (DMSO)-coated serum ELISA
of participants ID14 and ID33 at different dilutions as indicated. Top, optical
density (OD); bottom, relative value (IDH1-R132H/vehicle (DMSO)) atindicated
dilutions. Arrows illustrate weakened IDH1-R132H-reactive B cell response at
follow-up (cutoff: fivefold induction over vehicle). e, IDH1-R132H-coated and
vehicle (DMSO)-coated serum ELISA of participant ID14 at different dilutions as
indicated. Arrows illustrate an enhanced IDH1-R132H-reactive B cell response

following IDH1-vac boost treatment. f, IDH1-R132H-coated and vehicle (DMSO)-
coated serum ELISA of participant ID NU2 at different dilutions as indicated.
Arrowsillustrate the enhanced IDH1-R132H-reactive B cell response following
IDHI-vac boost treatment. g, ELISpot assay of PBMC from participant ID NU2
restimulated with IDH1-R132H and IDH1-WT peptide as indicated. SFUs following
MOG stimulation (negative control) were subtracted. Week 47, EOS. IDH1-vac
boost treatment started 6 years after EOS. g, Longitudinal intracellular flow
cytometry of PBMC T helper cells following in vitro restimulation with the
IDH1-R132H peptide at indicated time points. Top, exemplary dot plots;

bottom, quantification.

vaccine in persons with recurrent IDHI*™-mutant glioma without
concomitant radiotherapy and/or chemotherapy®. The observations
from this final analysis strongly suggest implementing an IDH1-vac
boosting concept and longerimmune monitoring beyond termination
of the primary treatment phase in a future clinical trial. Interestingly,
we found that participants whose mutation-specific antibody response
peaked upon the last vaccination or later had remarkably favorable
clinical courses. This observation is particularly exciting, as objec-
tive preclinical response was dependent on CD19" B cells also in MHC
humanized mice’. Itis tempting to speculate that antibodies specific to
MHC-bound tumor antigens are per se therapeutic. Alternatively, anti-
bodytiters may represent asurrogate of the number IDH1-vac-activated
and, therefore, antigen-presenting B cells*’. While the mechanistic
underpinning of this observation needs to be investigated further,
arecent study targeting the neoantigen histone H3K27M in diffuse
midline gliomas provided first evidence of vaccine-induced intrathecal
B cells reactive to a vaccination antigen"*,

Conceptually, IDH1-vac elicits peripheral immune responses
across a plethora of MHC class Il allelotypes, corroborating an
off-the-shelf concept for persons with CNS WHO grade 3-4 astro-
cytoma and potentially CNS WHO grade 3 oligodendroglioma. In
addition, as a precision immunological intervention, IDH1-vac can
be synergistically applied in combination with checkpoint inhibi-
tors® or small-molecule IDH inhibition in the future®*. Targeting a
highly expressed, clonal, shared driver mutation with a vaccine as a
backbone offers notable advantages over personalized vaccine strat-
egies targeting private neoepitopes, which are often subclonal and
lowly expressed®**. To substantiate the clinical activity of IDH1-vacin
persons with newly diagnosed CNS WHO grade 3 and 4 astrocytoma,
asham-vaccine controlled double-blind clinical trial is required. Here,
our data, although only obtained from two participants, suggest thata
booster treatment regime may longer maintain IDH1-R132H-reactive
T/B cell responses.

Methods

Study design

Sample size estimation was primarily based on the accuracy require-
ments for the primary endpoint immune response (responder rate)
to the IDH1 peptide vaccine. Sample size was adjusted for nonevalu-
able participants. According to the estimation that 70% of partici-
pants evaluable for immunogenicity testing will be evaluable for all
time points*®, with 21 participants sufficient for immunogenicity
testing with all time points, 30 evaluable participants needed to be
enrolled. Because of the expected dropout rate of 20% (because of
progression or other reasons), the plan was for 39 participants to be
recruited. Among all 32 participants treated (SDS), two participants
were excluded from immunogenicity testing because they were not
evaluable as notenough time points were eligible forimmunogenicity
testing (immunogenicity dataset). A participant was predefined to be
evaluableif, upon study completion and up until visit 7, they received
at least four vaccinations and all blood samples were collected for
immunogenicity testing or received six vaccinations and the baseline
plus two other blood samples were collected for immunogenicity
testing. Molecular testing was conducted retrospectively. For n =24

participants, sufficient material was available for additional molecular
testing. Findings concerning participant outcomes and immunogenic-
ity at defined time points and all related analyses using participant
blood samples or derivatives thereof cannot be reproduced because
of sample limitations. TCR testing was reproduced at least three times
withsimilar outcome. This was a phase1study, whereby all participants
received IDH1 vaccination (IDH1-vac). In addition, they received SOC
treatment before enrollment as decided by the local investigator and
the participant. Three types of SOC treatment resulted in three treat-
ment groups, all receiving the exact same trial-related intervention.
This study was a single-arm, open-label trial, whereby neither par-
ticipants nor clinical norimmunogenicity investigators were blinded
concerningIDH1vaccination (trial-related intervention). With respect
to SOC treatment groups, immunogenicity investigators were blinded.
All primary endpoint analyses were conducted in a blinded fashion.
Exploratory analyses for example immunological phenotyping were
performed nonblinded with respect to immune response detect-
ableinthe sample, because samples for these analyses were selected
on the basis of the immune response. Inclusion in the trial was not
restricted with regard to ethnicity or socially relevant groupings.
The population was 62.5% male and 37.5% female; the mean age was
40.4 + 8.95 years. Age, gender and peripheralimmune cell counts were
descriptively assessed. Participants were recruited at eight trial cent-
ersin Germany on the basis of molecular and clinicalinclusion criteria:
presence of a histologically confirmed IDH1-R132H" glioma (with or
without measurable residual tumor after resection or biopsy) with
absence of chromosomal 1p/19q codeletion and loss of nuclear ATRX
expression in the tumor tissue (subgroup of molecular astrocytoma
without positive prognostic factors). In addition, inclusion criteria
were as follows: participants receiving SOC treatment (RT + TMZ, TMZ
alone or RT alone) before enrollment; at least 18 years old; women of
child-bearing potential (WOCBP) needed to provide a negative preg-
nancy test within 72 hbefore the start of IDH1 vaccination; WOCBP and
their partners had to use a birth control method (failure rate below 1%
per year). Exclusion criteria were as follows: concomitant treatment
with dexamethasone (or equivalent) at >2 mg per day, Karnofsky
performance status < 70, PD (including PsPD) or recurrent disease
after SOC treatment or experimental treatment of the tumor; grade 2
or higher CTCAE (version 4.0) laboratory values for hematology, liver
or renal function. A complete list of exclusion criteria is provided in
the Supplementary Data. For TCRB deep sequencing and single-cell
RNA/TCR-seq, peripheral blood mononuclear cell (PBMC) and tissue
samples, respectively, were selected on the basis of availability. In flow
cytometry, cellswere allocated to different stainings (full stain panels
and staining controls) randomly.

Participants agreeing to trial methods were normally well
informed and motivated to comply with study procedures, whichmay
have influenced the results in the way of better interpretability. More
informationis available in our previous trial publications.

Trialapproval and ethics

The study was approved by the national regulatory authority (Paul-
EhrlichInstitut) and the institutional review board (Ethik-Kommission)
at each study site: Ethik-Kommission der Medizinischen Fakultit

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-026-01199-y

Heidelberg (Heidelberg), Ethik-Kommission Albert-Ludwigs-
Universitédt Freiburg (Freiburg), Ethik-Kommission des Landes
Berlin (Berlin), Ethik-Kommission der Medizinischen Fakultit der
Universitdt Duisburg-Essen (Essen), Ethik-Kommission der Medizinis-
chen Fakultdt ‘Carl Gustav Carus’ (Dresden), Ethik-Kommission des
Fachbereichs Medizin der Goethe-Universitit Frankfurt am Main
(Frankfurt), Ethik-Kommission der Medizinischen Fakultit der
Ludwig-Maximilians-Universitdt Miinchen (Munich), Ethik-Kommission
an der Medizinischen Fakultit der Eberhard-Karls-Universitédt and
Universitatsklinikum Tiibingen (Tiibingen). The study was conducted
in accordance with the Good Clinical Practice guidelines of the Inter-
national Conference on Harmonization. All participants provided
written signed informed consent. We complied with all relevant
ethical regulations.

IDH1 vaccination

IDH1-vac consisted of 300 pg of an IDH1-R132H 20-mer peptide (resi-
dues 123-142) manufactured by the Good Manufacturing Practice
(GMP) facility of the University of Tiibingen and emulsified in Mon-
tanide (ISA50) as described previously’® by the GMP core facility at
the University Hospital Heidelberg a maximum of 1 day in advance
or distributed as mixing kit. It was administered subcutaneously in
combination with topicalimiquimod (5%; Aldara). Quality controls for
content, sterility and absence of endotoxin were performed for each
emulsion atLabor LS.

IFNy ELISpot of PBMCs

ELISpot white-bottom multiscreen high-throughput sequencing
plates (MSIPS4W10, Millipore) were coated with anti-human IFNy
(1-DIK, Mabtech) and blocked with X-Vivo-20 (Lonza) containing 2%
human albumin. PBMCs were thawed, rested overnight in X-Vivo20
medium, seeded at 4 x 10° cells per well and stimulated with 2 pg of
peptides per well in a 100-pl volume. PBMCs were stimulated with
IDH1-R132H (residues 123-142), wild-type IDH1 (IDH1-WT; residues
123-142) or myelin oligodendrocyte glycoprotein (MOG; residues
35-55) atequal concentrations, using peptide diluentaqua ad iniecta-
bilia (Braun) with 10% DMSO (vehicle) at equal volume as negative
controls and 1 pg of staphylococcal enterotoxin B (Sigma-Aldrich)
per well and 0.05 pg of CMV with 0.05 pg of AdV per well (both in
a100-ul volume) as positive controls. After 40 h, IFNy-producing
cells were detected with biotinylated anti-human IFNy antibodies
(7-B6-1), streptavidin-ALP (both Mabtech) and ALP color develop-
ment buffer (Bio-Rad) and quantified using an ImmunoSpot Analyzer
(Cellular Technology). Quality control was performed and reviewed
by a second person. For categorization of T cell responses, T cell
responses were defined as a count of 50 spot-forming units (SFUs)
above background (MOG-stimulated).

IDH1I1gGELISA

ELISA polysorp plates (Nunc) were coated with human IDH1-R132H
and IDH1-WT (residues 122-136 and 123-142) for IgG detection or
with negative control MOG (p35-55) (10 pg per well in PBS). Wells
were washed with PBS 0.05% Tween-20 and blocked with 3% FBS in
PBS 0.05% Tween-20. The positive control for participant serum was
tetanus toxoid (Millipore) with EBNA-1 (RayBiotech) (each 0.5 ng per
well). Serafrom participants and healthy controls were obtained from
serum tubes by centrifugation. Participant serum was used at the
following dilutions: 1:10, 1:100, 1:333, 1:1,000 and 1:3,333. Healthy
control serum was used undiluted. Mouse anti-IDH1-R132H (1:1,000;
HO9, Dianova) was used as peptide coating control. Horseradish per-
oxidase (HRP)-conjugated secondary antibodies were sheep anti-
mouse IgG-HRP (1:5,000; Amersham) and goat anti-human IgG-Fc-HRP
(1:10,000; Bethyl Laboratories). The substrate was tetramethylben-
zidine (eBioscience) and the reaction was stopped with 1M H2S04.
Optical density was measured at 450 nm.

TCRB deep sequencing

Genomic DNA was isolated from participant EDTA blood using the
DNeasy blood and tissue kit (Qiagen). TCRB deep sequencing was
performed to detect rearranged TCR[3 gene sequences using the
hsTCRB kit (Adaptive Biotechnologies) according to the manufac-
turer’s protocol. The prepared library was sequenced on an Illumina
MiSeq by the Genomics and Proteomics Core Facility, German Cancer
Research Center (DKFZ). Data processing (demultiplexing, trimming
and gene mapping) was performed using the Adaptive Biotechnologies
proprietary platform.

IDH1-R132H-reactive TCR identification and testing

To select TCRs for reactivity assessment, a peptide-specific T cell
expansion assay was performed as described before®” and top
expanded clones were selected for TCR reactivity assessment, as
described previously™.

Briefly, CD4"-enriched expanded T cells from the blood of non-
autologous healthy donors were thawed and rested overnight in
X-Vivol5 supplemented with 2% AB serum. Before electroporation,
a48-well plate was filled with1 ml of prewarmed medium (TexMACS
supplemented with 2% AB serum) per well and placed ina 37 °C CO,
incubator. Cells were washed once using TexMACS medium, cell
numbers were determined using trypan blue and the required num-
ber of cells was spun down (100g, 10 min, room temperature). Per
electroporation condition, 2 x 10° cells were resuspended in 20 pl
of supplemented buffer P3 solution (supplemented according to
the manufacturer’s protocol; Lonza, V4XP-3032) and transferred
into one well of a 16-well Nucleocuvette strip containing 750 ng of
TCR-encoding RNA per well. Cells were transfected with the EO-115
nucleofection program of the Lonza 4D Nucleofector and left at room
temperature for 10 min for recovery, before 180 pl of prewarmed
medium from the previously prepared 48-well plate was added per
well of the Nucleocuvette strip. Next, 200 pl of cell suspension was
resuspended once and carefully transferred back into the correspond-
ingwells of the 48-well plate. The plate was subsequently transferred
intoa 37 °C CO2incubator.

After18-24 h, cells were harvested in tubes containing Benzonase
(final concentration of 50 IU per ml) to prevent cell clumping, spundown
and resuspended in X-Vivol5 supplemented with 2% HSA (human
albumin 20%; Behring, P100245582). Cell numbers were determined
using trypan blue and cell concentrations were set to 1.5 x 10° cells
per ml. After confirming mTCR[ expression through flow cytometry
(viability dye (AF700, eBioscience), CD4 (clone SK3 Leu3a, BV786, BD),
CD8a (clone RPA-T8, PerCP-Cy5.5,BD) and mTCRf (clone H57-597, PE,
BioLegend)), 100 pl of cells were plated in the appropriate wells of a
96-well U-bottom plate.

To test the reactivity of each transduced TCR, cocultures
were performed in a 1:10 target-to-effector ratio with autologous
dendritic cells that were pulsed overnight with 5-10 M of peptide
MOG (negative control; MEVGWYRSPFSRVVHLYRNGK), IDH1-WT
(GWVKPIIIGRHAYGDQYRAT) or IDH1-R132H (GWVKPIIIGHHAYGDQY-
RAT)). Anti-CD3/CD28 T cell TransAct beads (1.5 pl per well; Miltenyi,
130-111-160) served as positive controls for each tested TCR. Cocul-
tures were set up in a total volume of 200 pl per well in X-Vivol5 sup-
plemented with 2% HSA.

Next, 5 pl of CD107a (clone H4A3, APC-H7, BD) was added to each
well, cultures were mixed by pipetting up and down and the plate was
spunfor1minat20gtoensureimmediate contact between expanded
PBMCs and antigen-presenting cells. Cells were transferred intoa37 °C
CO,incubator. After1h,10 pl of1:44 prediluted GolgiStop (BD, 554724)
and 10 pl of 1:44 prediluted GolgiPlug (BD, 555029) were added per
well, cultures were resuspended by pipetting up and down and the
plate was spun for 1 min at 20g before placing back into a37°C CO,
incubator. After four additional hours of coculture, cells were placed
onice and stained for flow cytometric analysis. Cells were stained
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with viability dye (AF700, eBioscience), Fc receptors were blocked
and FACS antibodies (CD4 (clone SK3 Leu3a, APC, BD), CD8a (clone
RPA-T8, PerCP-Cy5.5,BD) and mTCRp (clone H57-597, PE, BioLegend))
were used for extracellular staining. Cells were fixed as described before
and intracellularly stained with TNF (clone Mabl1, BV711, BioLegend).
Flow cytometric data were acquired on a BD FACS Lyric device.

850k methylation arrays

The 850k methylation arrays and data analysis were performed
as described previously, applying Heidelberg CNS classifier ver-
sion v11b4. Briefly, the lllumina Infinium HumanMethylationEPIC
(EPIC) bead chip kit was used to obtain the DNA methylation status
at >850,000 CpG sites (Illumina) from paraffin-embedded tissue
according to the manufacturer’s instructions at the Genomics and
Proteomics Core Facility of the DKFZ. MGMT promoter methylation
was assessed with the use of lllumina EPIC methylation arrays based
on the MGMT-STP27 model. Classification of tumors was performed
with the Heidelberg classifier (www.molecularneuropathology.org).
Samples were analyzed using the R (www.r-project.org) methylation
pipeline ‘ChAMP’ (version2.34.0, RRID:SCR_012891). Briefly, filtering
was performed for multihit sites, single-nucleotide polymorphisms
and XY chromosome-related CpGs; then, data were normalized with
aBMIQ-based method. Customscripts based on the R packages ‘minfi’
(version1.26.2) and ‘conumee’ (version 1.14.0) were implemented for
copy-number variation (CNV) profiling and visualization.*

Panel sequencing

DNA from FFPE tissue was extracted on the Promega Maxwell device
(Promega) following the manufacturer’sinstructions. Extracted DNA
was then sheared ona CovarisM220 (Covaris). DNA integrity and frag-
ment size were determined on aBioanalyzer 2100 (Agilent). Sequencing
was performed onaNextSeq 500 instrument (Illumina) with anaverage
coverage of 550-fold. An adapted version of the original panel consist-
ing of aset of 170+ genes recurrently altered inbrain tumors was used.
For data processing, raw data were demultiplexed and convertedinto
FASTQ format with subsequent alignment to the reference genome.
For single-nucleotide variant (SNV) calling, we used SAMtools mpileup
(version1.17, RRID:SCR_002105); for indel calling, Platypus33 was used.
Common sequencing artifacts were removed. Filtering was conducted
for snp138 variants and exonic SNVs were included.”

Statistics and reproducibility
For statistical analyses of primary endpoints, two analysis popula-
tions were defined. The safety population included all enrolled par-
ticipants who had received at least one dose of IDH1-vac (SDS). The
immunogenicity population (immunogenicity dataset) included
all participants who could be evaluated for immunogenicity assess-
ment. A participant was defined as evaluable if they had completed
the study up to and including V07, had received at least four vaccina-
tions through V07 and had all intended blood samples collected for
immune monitoring through VO7 or had received at least six of eight
vaccinations and the baseline plus at least two further blood samples
hadbeen collected forimmune monitoring through V12. For analysis
of selected secondary variables, a molecular dataset was defined.
The molecular datasetincluded all participants whose astrocytomas
couldretrospectively be defined molecularly according to CNVload,
methylation class and CDKN2A/B status. Survival probabilities for
OS and PFS were estimated using the Kaplan-Meier method, with
the 95% Cl calculated using Greenwood’s formula. For comparing
participants with and without IDH1-vac-induced response in the first
year, a landmark analysis was used. The Simon and Makuch method
was used toillustrate the association of survival withimmune response
for time-dependent variables.

The median follow-up for the SDS was calculated using the reverse
Kaplan-Meier method.

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

Data availability

Single-cell RNA-seq data that are associated with Fig. 3 were deposited
tothe National Center for Biotechnology Information Sequence Read
Archive under accession codes SRR12880623 and SRR12880624 and
are publicly accessible. Paired o3 TCR sequence information has not
been deposited for patent considerations of mutant IDH-reactive
TCR motifs. TCRB sequencing dataassociated with Fig. 3 are available
online (https://clients.adaptivebiotech.com/immuneaccess). Data that
support the study findings are available to researchers upon reason-
able request to the corresponding authors, if in alignment with study
consent and in nonidentifiable format to protect participant privacy.
Source data are provided with this paper.

Code availability

No code was developed for this study.
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Extended DataFig. 1| Probabilities of progression and deathin the NOA16
population according to methylation class and CNV load-based grouping.

A) Progression-free (left) and overall (right) survival estimates with number of
patients at risk are shown according to methylation class (molecular set, n = 24).
B) Progression-free (left) and overall (right) survival estimates with number of
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patients at risk are shown according to CDKN2A/B status and CNV-load (CNV-L).
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del+CNV-Llow) =16; n(CDKN2A/B homo) =4.95% Confidence Interval is
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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.
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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

Single cell RNA data that are associated with Figure 3 have been deposited in the NCBI Sequence Read Archive with the accession codes SRR12880623 and
SRR12880624, and are publicly accessible. Paired alpha-beta TCR sequence information is not deposited for patent considerations of mutant IDH-reactive TCRs
motifs. TCRB sequencing data that are associated with Figure 3 is available at https://clients.adaptivebiotech.com/immuneaccess

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 62.5 % male, 37.5% female. Mean age was 40.4 (SD 8.95) years.

Reporting on race, ethnicity, or ' Inclusion into the trial was not restricted in regards to ethnicity or socially relevant groupings. The NOA16 trial, however, was

other socially relevant a national multicenter German trial.
groupings
Population characteristics age, gender and peripheral immune cell counts have been descriptively assessed. 71.9 % received radiotherapy (RT) plus

chemotherapy with temozolomide (TMZ), 9.4 % received TMZ alone, 18.8% received RT alone. 65.6% patients had WHO
grade Ill, 34.4% patients had WHO grade IV astrocytomas. 71.9 % of tumors located at frontal lobe. 53.1 % received complete
resection, 37.5 % received subtotal resection, 9.4 % received biopsy.

Recruitment patients were recruited at 8 trial centers in Germany, based on molecular and clinical inclusion criteria:
presence of a histologically confirmed IDH1R132H+ glioma (with or without measurable residual tumor after resection or
biopsy) with absence of chromosomal 1p/19q co-deletion and loss of nuclear ATRX expression in the tumor tissue (subgroup
of molecular astrocytoma without positive prognostic factors). In addition, inclusion criteria were:
patients receiced standard of care treatment (RT+TMZ, TMZ alone, or RT alone) prior to enrollment; at least 18 years old;
women of child-bearing potential (WOCBP) must provide a negative pregnancy test within 72 h prior to start of IDH1
vaccination; WOCBP and their partners must use birth control method (failure rate below 1% per year).
exclusion criteria included: concomitant treatment with dexamethasone (or equivalent) > 2 mg/day, Karnofsky Performance
Status (KPS) < 70, progressive (incl. pseudoprogression) or recurrent disease after standard of care treatment, experimental
treatment of the tumor; grade 2 or higher CTCAE v4.0 laboratory values for hematology, kiver, or renal function.
For complete list of exclusion criteria, please refer to the study protocol.
Patients agreeing to trial methods are normally well-informed and motivated to comply with study procedures, which may
influence results in a way of better interpretability.

Ethics oversight The study was approved by the national regulatory authority (Paul-Ehrlich Institut) and the institutional review board at each
study site (Ethikkommission), namely: Ethikkommission der Medizinischen Fakultat Heidelberg (Heidelberg), Ethikkommission
Albert-Ludwigs-Universitat Freiburg (Freiburg), Ethik-Kommission des Landes Berlin (Berlin), Ethik-Kommission der
Medizinischen Fakultat der Universitat Duisburg-Essen (Essen), Ethik-Kommission der Medizinischen Fakultat "Carl Gustav
Carus" (Dresden), Ethikkommission des Fachbereichs Medizin der Goethe-Universitat Frankfurt am Main (Frankfurt), Ethik-
Kommission an der Medizinischen Fakultat der Eberhard-Karls-Universitat und am Universitatsklinikum Ttbingen (Tubingen).
The study was conducted in accordance with the Good Clinical Practice guidelines of the International Conference on
Harmonisation. All participants provided written signed informed consent.

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences D Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size Sample size estimation was primarily based on the accuracy requirements for the primary endpoint immune response (responder rate) to the
IDH1 peptide vaccine. Sample size was adjusted for non-evaluable patients. Estimation that 70% of patients evaluable for immunogenicity
testing will be evaluable for all time points (Macdonald D, Cascino T, Schold SJ, et al: Response criteria for phase Il studies of supratentorial
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malignant glioma. J Clin Oncol 8:1277-1280, 1990.) 21 patients sufficient for immunogenicity testing with all time points, i.e. 30 evaluable
patients to be enrolled. due to expected dropout rate of 20% (due to progression or other reasons), 39 patients to be recruited.

Data exclusions  Of all 32 patients treated (= safety data set), 2 patients were excluded from immunogenicity testing, because they were not evaluable,
because not enough time points were eligible to immunogenicity testing (Immungenicity Data Set). A patient was pre-defined to be evaluable
if study completed until and incl. visit 7, received at least 4 vaccinations and all blood samples collected for immunogenicity testing, OR
received 6 vaccinations and baseline plus 2 blood samples collected for immunogenicity testing. Molecular testing was done retrospectively.
For n=24 patients, sufficient material was available for additional molecular testing

Replication Findings concerning patient outcomes and immunogenicity at defined time points, and all related analyses using patient blood samples or
derivatives thereof cannot be reproduced due to sample limitations. TCR testing was reproduced at least three times with similar outcome.

Randomization  Phase 1 study, i.e. All patients received IDH1 vaccination (IDH1-vac). In addition, they received standard of care treatment prior to enrollment
as decided by the local investigator and the patient. 3 types of standard of care treatment resulted in 3 treatment groups, all receiving the
exact same trial related intervention.

For TCRB deep seq and single cell RNA/TCR-seq, PBMC and tissue samples were selected based on availability, respectively.
In flow cytometry, cells were allocated to different stainings (full stain panels, staining controls) randomly.

Blinding Single arm, open label trial, i.e. neither patients nor clinical nor immunogenicity investigators were blinded concerning IDH1 vaccination (=trial
related intervention). With respect to standard of care treatment groups, immunogenicity investigators were blinded. All primary endpoint
analyses were done in a blinded fashion. Exploratory analyses e.g. immunological phenotyping were performed non-blinded with respect to
immune response detectable in the sample, because samples for these analyses were selected based on immune response.

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
Involved in the study n/a | Involved in the study
X Antibodies XI|[] chip-seq
Eukaryotic cell lines D IZ Flow cytometry
Palaeontology and archaeology D MRI-based neuroimaging

Animals and other organisms

Clinical data

XOXXXO s
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Dual use research of concern

Plants

X

Antibodies

Antibodies used Flow cytometry antibodies for immunophenotyping:
anti-CD3-FITC (clone UCHT1, cat # 300452), anti-CD4-Alexa Fluor700 (clone RPA-T4, cat # 300526), anti-CD8-PerCP (clone RPA-T8, cat
#301030), anti-CD11b-BV510 (clone M1/70, cat # 101263), anti-HLA-DR-PE-Cy7 (clone L243, cat # 307616), anti-CD14-BV711 (clone
MS5E?2, cat # 301838), anti-CD16-PE/Dazzle594 (clone 3G8, cat # 302054), anti-CD25-BV605 (clone BCI6, cat # 302632), anti-CD33-
APC (clone P67.6, cat # 366606), anti-CD127-BV421 (clone AO19D5, cat # 351310), anti-Foxp3-PE (clone 206D, cat # 320108) (all
BioLegend), anti-CD45-eFluor4d50 (clone 2D1, cat # 48-9459-42, eBioscience), anti-CD3-PE (clone HIT3a, cat # 300308, BioLegend),
anti-CD3-BV510 (clone HIT3a, cat # 564713), anti-CD4-BV605 (clone SK3, cat # 566908), anti-CD8-APC-H7 (clone SK1, cat # 560179),
anti-IFNgamma-BV421 (clone 4S.B3, cat # 564791), all BD Biosciences, anti-TNFalpha-APC (clone MAb11, cat # 502912, Biolegend),
anti-1L17-PE (clone N49-653, cat # 560486), anti-IL4-PerCP-Cy5.5 (clone 8D4-8, cat # 561234), anti-CD25-BV711 (clone 2A3, cat #
563159), anti-CD127-FITC (clone HIL-7R-M21, cat # 560549), anti-FoxP3-PE (clone 259D/C7, cat # 560046), anti-IL10-APC (clone
JES3-19F1, cat # 554707) , anti-CD3-BV510 (clone HIT3a, cat # 564713) (all BD Biosciences), anti-CD8-PerCP-Cy5.5 (clone RPA-TS, cat
# 45-0088-42), anti-TNFalpha-APC (clone MAb11, cat # 17-7349-82), and anti-IFNgamma-eFluor450 (clone 4S.B3, cat # 48-7319-42)
(all ebioscience).

ELISA antibodies:
mouse anti-IDH1R132H (clone HO9, cat # DIA-HO09, Dianova), sheep anti-mouse 1gG-HRP (polyclonal secondary, cat # NXA931,
Amersham) and goat anti-human IgG-Fc-HRP (polyclonal secondary, cat # A80-104P, Bethyl Laboratories, Inc.).

Validation all antibodies were titrated prior to use as advised by supplier in the material data sheet or used according to manufacturer's
instructions, and, for flow cytometry, scaled up according to cell numbers.
Flow cytometry antibodies: each lot is quality control tested by extra- or intra-cellular flow cytometry using positive control samples
and appropriate isotype control stainings.
anti-IDH1R132H (clone HO9, cat # DIA-HQ9, Dianova): approved for in vitro diagnostic use with IHC in Europe.
secondary ELISA antibodies: Bethyl: By immunoelectrophoresis and ELISA this antibody reacts specifically with human 1gG. Cross
reactivity with 1gM, 1gA and light chains is less than 0.1%. This antibody may cross react with IgG from other species. Amersham:
Horseradish peroxidase (HRP) conjugated antibodies are highly species specific antibodies optimized for use with Amersham ECL
Western blotting detection reagents.
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Clinical data

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

NCT-2013-0216
not publicly accessible. all relevant information can be found on ClinicalTrials.gov

Patients were recruited at 8 sites across Germany: Heidelberg (14 patients), Freiburg (2 patients), Berlin (4 patients), Essen (3
patients), Dresden (3 patients), Frankfurt (3 patients), Tuebingen (4 patients). Screening was between July 2015 and September
2016. Enrollment was between September 2015 and October 2016. Last patient completed the study in September 2017. Endpoint-
related Immunogenicity analyses and related analyses were completed in June 2020. Follow-up data cut-off for final analysis was Feb
2025. After 2020, this was done by 6-month questionnaire-based data retrieval from trial centers.

primary objectives were safety and tolerability; and immunogenicity of the IDH1 vaccine.

Saftey measures were assessed by medical review at each visit (every 2 or 4 weeks for 8 visits during vaccinations; 4, 8, and 12 weeks
after last vaccination), incl. reporting of adverse events (AEs), concomitant medications. All AEs graded according to National Cancer
Institute Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. Primary endpoint regime limiting toxicity (RLT)
defined as: - any injection site reaction of CTCAE grade 4; any injection site reaction of CTCAE grade 3 that persists after two weeks;
any other hypersensitivity, anaphylaxis or local allergic reaction > CTCAE grade 3; brain edema (CTCAE grade 4); autoimmunity >
CTCAE grade 3; > CTCAE grade 3 toxicity to organs other than the bone marrow, but excluding grade 3 nausea, grade 3 or 4 vomiting
in patients who have not received optimal treatment with antiemetics, grade 3 or 4 diarrhea in patients who have not received
optimal treatment with antidiarrheas, grade 3 fatigue; death; that is definitely/certainly, probably, or possibly related to the IDH1
vaccine. patients with RLT removed from treatment, no dose-de-escalation but skipping of vaccines allowed due to AEs.
Immunogenicity endpoint (induction of presence of IDH1-reactive T cells or binding antibodies) was assessed by ELIspot and ELISA
from blood PBMC and serum collected at baseline, 2 or 4 weeks after each vaccination, and 12 and 24 weeks after last vaccination. T
cell immunogneicity was defined as specific (negative control subtracted) spot forming unit SFU) count of at least 50 at any time
point but baseline if no spontaneous response detectable. In case of spontaneous response, SFU post-IDH1-vaccination were defined
to be at least 3-fold above baseline. For antibodies, optical density of at least 5-fold above negative control at any time point was
defined positive.

secondary objectives were (1) to seek evidence of immunogenicity by assessing the IDH1R132H-specific T-cell and antibody response
measured by IFN-y ELISpot and ELISA, respectively, at all time points of blood withdrawal; (2) to evaluate clinical outcome by
assessing the progression-free survival (PFS) and overall response rate (ORR) according to the response evaluation criteria defined as
follows: ORR, defined as the proportion of patients showing complete response (CR), partial response (PR) or stable disease (SD) at
end of study (EOS) compared to the baseline value for ORR under trial drug. ORR analysis will be based on the central disease
assessment according to the RANO criteria; and (3) to analyze the association between immunogenicity and the clinical outcome
parameters.

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

n/a

n/a

n/a

Plots
Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

X, All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

peripheral immune monitoring of PBMC: PBMC were isolated by ficoll gradient centrifugation from heparin blood, frozen in
50% freezing medium A (60% X-Vivo 20 + 40% FCS) and 50% medium B (80% FCS + 20% DMSO) and stored in liquid nitrogen
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Instrument

Software

Cell population abundance

Gating strategy

at -140°C until analysis.

recall assay of PBMC: PBMC were thawn, rested for 4 h in X-Vivo medium, and seeded into 96-well U-bottom plates. 2x106
PBMCs were stimulated with 2 pg peptide per well using IDH1IR132H(p123-142), MOG(p35-55) as negative control, or CEFT
peptide pool (concentration, jpt) as positive control for 2 h before adding 10 pug/ml brefeldin A (Sigma-Aldrich, order no.
B6542) and 1x GolgiStop (BD Bioscience). Cells were incubated additional 12 h.

peripheral immune monitoring of PBMC: Attune Nxt (Thermo Fisher Scientific); recall assay of PBMC: Lyric (BD)

collection: Attune Nxt software version 2.7 (Thermo Fisher Scientific) (peripheral immune monitoring); BD FACSDiva software
version 9.0; BD FACSuite version 1.3 (recall assay).
analysis: FlowJo version 10.5.0.

relevant post-sorted cell fractions, i.e. CD3+ T cells, were subjected to scRNA sequencing. Based on RNA expression
signatures, after further removal of stressed cells (by expression of heat shock proteins), 99.42% of cells were T cells. Non-T
cells were excluded from analysis. The remaining cells were used for TCR repertoire analyses.

peripheral immune monitoring of PBMC:

gated on lymphocytes based on size and granularity (FSS vs SSC) --> gated on single cells --> gated on live cells, i.e. dead stain
negative cells > gated on: A. CD3+ --> CD8+/CD4+ —-> CD4+ gated on CD25+ CD127 --> gated on FoxP3+ cells = Treg, and B.
CD33+ --> gated on a. CD11b+ HLA-DR+ --> CD14-/CD16- cells = monocytes, and b. CD11b+/HLA-DR- --> CD14+ cells = Mo-
MDSC

recall assay:

gated on lymphocytes based on size and granularity (FSS vs SSC) --> gated on single cells --> gated on live cells, i.e. dead stain
negative cells --> gated on CD3+ --> gated on A. CD4- CD8+ --> gated on IFNgamma+ and TNFalpha+, and B. CD4+ CD8- -->
gated on IFNgamma+ and TNFalpha+ (Figure 4)

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Structural MR

At least 6 MRI scans were acquired for each patient (pre study; clinical screening, visit 7,10,12,13), follow up MRIs were
conducted at trial centers and external centers. Sequences were performed as required for RANO / RANO2.0 in the
follow-up. The specifications listed below are specific to on trial scans.

Behavioral performance measures MRl used solely for diagnosis of disease progression according to RANO.

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

T2-w; FLAIR; contrast enhanced T1-w
3 Tesla

Parameter T2-w (TSE); TE: 88; TR: 5.280; Flip angle: 180; FOV: 230 x 230; Matrix size: 256 x 173; Slice thickness: 5; No.
of averages 1; In-plane resolution 0.7 Orientation Axial (2D) Duration 1:15 (min:s)

Parameter FLAIR; TE: 135; TR: 8.500; Flip angle: 170; FOV: 230 x 170; Matrix size: 320 x 216; Slice thickness: 5
No. of averages 1 In-plane resolution: 1 Orientation Axial (2D) Duration 2:52 (min:s)

T1 (mpRAGE): TE: 3.57; TR: 1.770; Flip angle: 15; FOV: 256 x 256; Matrix size: 320 x 272; Slice thickness: 1
No. of averages: 1; In-plane resolution 1; Orientation sagittal(3D); Duration 3:27 (min:s)

whole brain scan

IZ Not used

n/a
n/a
n/a
n/a

n/a

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




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 h/a

(See Eklund et al. 2016)
Correction n/a

Models & analysis

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

|Z| |:| Multivariate modeling or predictive analysis
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