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Abstract

Background: Central nervous system (CNS) WHO grade 2 low-grade glioma (LGG) patients are at high risk for re-
currence and with unfavorable long-term prognosis due to the treatment resistance and malignant transformation
to high-grade glioma. Considering the relatively intact systemic immunity and slow-growing nature, immuno-
therapy may offer an effective treatment option for LGG patients.

Methods: We conducted a prospective, randomized pilot study to evaluate the safety and immunological re-
sponse of the multipeptide IMA950 vaccine with agonistic anti-CD27 antibody, varlilumab, in CNS WHO grade 2
LGG patients. Patients were randomized to receive combination therapy with IMA950 + poly-ICLC and varlilumab
(Arm 1) or IMA950 + poly-ICLC (Arm 2) before surgery, followed by adjuvant vaccines.

Results: A total of 14 eligible patients were enrolled in the study. Four patients received pre-surgery vaccines but
were excluded from postsurgery vaccines due to the high-grade diagnosis of the resected tumor. No regimen-
limiting toxicity was observed. All patients demonstrated a significant increase of anti-IMA950 CD8*T-cell response
postvaccine in the peripheral blood, but no IMA950-reactive CD8*T cells were detected in the resected tumor. Mass
cytometry analyses revealed that adding varlilumab promoted T helper type 1 effector memory CD4* and effector
memory CD8*T-cell differentiation in the PBMC but not in the tumor microenvironment.

Conclusion: The combinational immunotherapy, including varlilumab, was well-tolerated and induced vaccine-
reactive T-cell expansion in the peripheral blood but without a detectable response in the tumor. Further develop-
ments of strategies to overcome the blood-tumor barrier are warranted to improve the efficacy of immunotherapy
for LGG patients.

Key Points
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Importance of the Study

We evaluated an innovative combinatory vaccine reg-
imen using IMA950, poly-ICLC, and varlilumab in pa-
tients with CNS WHO grade 2 LGG as a randomized
study, including the presurgical vaccine administra-
tions. We hypothesized that the regimen would be safe
and that varlilumab would enhance the induction of
vaccine-reactive T cells in the patients. While the reg-
imen was well-tolerated and induced vaccine-reactive
T-cell responses in the peripheral blood, varlilumab did
not enhance the induction of vaccine-reactive T-cell

Gliomas are the most common primary malignant cen-
tral nervous system (CNS) tumors and are classified ac-
cording to histology and molecular characteristics as
grades 1-4 by the WHO." Among these clinically and mo-
lecularly diverse tumors, CNS WHO grade 2 low-grade
gliomas (LGGs), which include diffuse astrocytomas and
oligodendrogliomas, are common in young adults during
the third and fourth decades of life.? LGGs are at risk of
undergoing malignant transformation into more aggres-
sive and lethal WHO grade 3 or 4 high-grade gliomas
(HGGs).2 Even with a combination of available therapeutic
modalities (ie, surgery, radiation therapy [RT], chemo-
therapy), their invasive growth and resistance to treat-
ment result in recurrence and death in most patients.?
Furthermore, the majority of LGG harbor mutations in
isocitrate dehydrogenase (IDH) 1 or 2, resulting in the
oncometabolite D-2-hydroxyglutarate (2-HG), which pro-
motes gliomagenesis and induces immunosuppression
in the tumor microenvironment (TME).*° Taken together,
LGGs are considered a premalignant condition for HGGs,
such that novel interventions to prevent malignant trans-
formation for patients with LGGs need to be developed.

Immunotherapeutic modalities, such as vaccines, may
offer a safe and effective option for these patients due to
the slower growth rate of LGGs in contrast with HGGs,
which should allow sufficient time for multiple immuniza-
tions and hence high levels of anti-glioma immunity. In ad-
dition, the systemic immunity of patients with LGGs may
not be as immunocompromised as that of patients with
HGGs, as a prior study showed that they exhibit excellent
immunological responses to a peptide-based vaccine.®
Furthermore, the generally mild toxicity of vaccines may
improve the quality of life compared with chemotherapy
or RT.

The IMA950 vaccine consists of nine human leuko-
cyte antigen (HLA)-A2 class I-restricted epitopes, 2 class
ll-restricted epitopes, and the synthetic Hepatitis B virus
marker epitope.” The HLA class I-restricted epitopes were
identified on ex vivo (ie, surgically resected but not cul-
tured) HLA-A*02* glioblastoma (GBM) tissue using the
peptidome approach.” These antigens are highly ex-
pressed in the GBM tissue with very low or no expression
in healthy tissues and are immunogenic. Furthermore,
CD8* T cells recognizing IMA950 antigens are present in
GBM tissue.” We identified IMA950 antigens expressed

response. In addition, while varlilumab promoted the
effector memory phenotype of T cells in the periph-
eral blood, tumor-infiltrating leukocytes did not show
vaccine-reactive T cells or the effects of varlilumab.
These data suggest that the tumor microenvironment
(TME) of LGG may not be permissive to the peripherally
induced immune response. Further modulations of the
LGG TME, such as disruption of the blood—brain barrier,
may need to be considered.

in LGG tissues and IMA950 epitope-specific CD8* T cells
in peripheral blood mononuclear cells (PBMCs) of LGG
patients with a higher frequency compared with GBM
patients.® These data suggest that IMA950 may provide
therapeutic and prophylactic immunities by targeting ex-
isting LGG cells and preventing transformation to HGG
cells.

Varlilumab (CDX-1127) is a fully-human monoclonal an-
tibody against CD27.° HLA-binding peptide-based vaccines
activate peptide-reactive T cells by engaging the T-cell re-
ceptor (TCR); however, these T cells require costimulation
for optimal activation, clonal expansion, and effector differ-
entiation.’ Varlilumab enhances the CD27-mediated T-cell
costimulatory pathway in the presence of concomitant
TCR signaling. Thus, combining varlilumab with IMA950
can stimulate IMA950-specific T cells with reduced risks
of autoimmune toxicity compared to blocking antibodies
against coinhibitory receptors that primarily reinvigorate
exhausted T cells.” In preclinical models, varlilumab was
shown to mediate antitumor effects and may be particu-
larly effective in combination with other immunotherapies,
such as vaccines.?

Poly-ICLC is a synthetic double-stranded RNA molecule
that binds to endosomal Toll-like receptor-3 and the cyto-
plasmic receptors, including retinoic acid-inducible gene
| and melanoma differentiation-associated gene.'® Poly-
ICLC consequently elicits the secretion of type | IFN and
proinflammatory cytokines, resulting in the induction of
an immunostimulatory response.’® We found poly-ICLC
effectively induces expression of the chemokine CXCL10
in glioma and very late activation antigen (VLA)-4 on
vaccine-activated CTLs, thereby promoting their migra-
tion to gliomas.'*'®> We have subsequently demonstrated
that poly-ICLC can be safely combined with peptide vac-
cines in patients with gliomas.®'6-22These data provide a
strong rationale for combining varlilumab with IMA950
and poly-ICLC to stimulate IMA950 epitope-specific T
cells.

We conducted a prospective, randomized pilot study
to evaluate the safety and immunological response of
the multipeptide IMA950 vaccine with varlilumab in CNS
WHO grade 2 LGG patients. Ultimately, the effects of the
vaccine need to be prospectively evaluated in the human
glioma TME." To this end, we randomized patients to re-
ceive combination therapy with IMA950 + poly-ICLC and
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varlilumab (Arm 1) or IMA950 + poly-ICLC (Arm 2) be-
fore clinically indicated surgery, followed by adjuvant
vaccines.

Materials and Methods
Study Design and Patients

This pilot clinical trial (NCT02924038) was a randomized trial
evaluating the safety and immunological activity of agonistic
anti-CD27 antibody varlilumab (Celldex) in addition to the
IMA950 vaccine (Immatics) plus poly-ICLC (Hiltonol, Oncovir)
in patients 18 years and older with both newly diagnosed and
recurrent CNS WHO grade 2 LGG for which surgical resec-
tion of the tumor was clinically indicated. Coprimary object-
ives were to determine: the safety of the novel combination
of subcutaneously administered IMA950 and poly-ICLC and
intravenously administered varlilumab in the neoadjuvant
approach; and whether the addition of varlilumab increased
the response rate (quantified as the number of patients
who responded to IMA950-epitopes) and degree of T-cell
responses against the IMA950 peptides (quantified as the

mean percentage of total IMA950 tetramer-positive CD8* T
cells among total CD8*T cells per available postvaccine time
point) in postvaccine PBMC and surgically resected tumor
samples obtained from participating patients.

The study design is shown in Figure 1. In brief, after con-
sent and eligibility confirmation, patients were randomized
1:1 between the two arms (Arm 1: IMA950 vaccine + poly-
ICLC + varlilumab; Arm 2 IMA950 vaccine + poly-ICLC) with
the stratification based on whether the patient was newly
diagnosed vs recurrent. IMA950 and poly-ICLC were ad-
ministered subcutaneously at subinguinal sites as a single
formulation. Varlilumab was administrated intravenously.
Key inclusion criteria included being a candidate for sur-
gical resection; prior histological confirmation with grade
2 astrocytoma, oligoastrocytoma, or oligodendroglioma
through biopsy or surgical resection; positivity for HLA-
A2 based on flow cytometry or genotyping; nonenhancing
T2-FLAIR lesion; surgical resection of at least 0.5 grams of
tumor; KPS of >70%; off or low-dose (<4 mg/day of dexa-
methasone) corticosteroid therapy at least 2 weeks before
the first presurgical vaccine; and adequate organ function.
Prior RT after the initial diagnosis was allowed, but there
must have been at least 6 months from the completion
of RT (or radiosurgery) to sign informed consent. Prior
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Figure 1.

Schematic diagram of the study. Patients in Arm 1 received IMA950 + poly-ICLC and varlilumab. Patients in Arm 2 received

IMA950 + poly-ICLC. All patients received subcutaneous injections of IMA950 + poly-ICLC vaccine on days -23 + 2, -16 + 2, -9 + 2, and -2 rela-
tive to the scheduled surgery. IMA950 + poly-ICLC vaccines were resumed within 10 weeks post-surgery and repeated every 3 weeks for up to 8
doses (weeks A1, A4, A7, A10, A13, A16, A19, and A22; defining Week A1 as the week of the first post-surgery vaccine dose). For arm 1 patients,
varlilumab was administered intravenously on the day of the first vaccine, weeks A1, A7, A13, and A19. PBMC samples were obtained at the time
of the first vaccination and on the day of surgery, weeks A1, A13, A19, and A25.
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chemotherapy and any systemic molecularly targeted
antitumor therapy were allowed, but patients must have re-
covered from any prior treatment. The study was approved
by the UCSF Institutional Review Board and was conducted
according to the Declaration of Helsinki. All patients signed
an informed consent document indicating that they are
aware of the investigational nature of this study.

A detailed description of patient registration and ran-
domization is available in the Supplementary Materials.

Follow-Up

All patients were followed for response and toxicity as-
sessments until disease progression, the start of a new
therapy, or a maximum of 24 months from study registra-
tion (whichever occurred earlier). Toxicity was determined
using the revised NCI Common Toxicity Criteria version
5.0 for Toxicity and Adverse Event Reporting (CTCAE).
Regimen-limiting toxicities (RLTs) were defined as fol-
lows: grade 2 or more infusion reaction except for grade 2
pain; grade 2 or more cytokine release syndrome; grade 2
or more bronchospasm or generalized urticaria; grade 2 or
more allergic reaction, such as exfoliative erythroderma,
anaphylaxis, or vascular collapse; grade 2 or more auto-
immune disease; any grade 3 or more toxicity related to
the vaccine or varlilumab with particular attention to the
following events; dosing delays for longer than 6 weeks
in the administration of study regimen; and delay of the
scheduled surgical resection for longer than 2 weeks re-
lated to the toxicity of the study regimen.

Processing of Human Samples

A detailed description of the procedure for human sample
processing is provided in the Supplementary Materials.

Assessment of T-Cell Responses

The sequences and source protein of IMA950 are listed pre-
viously.2 T-cell responses to IMA950 peptides were identi-
fied by HLA tetramer staining after in vitro stimulation of
PBMCs with IMA950 peptides, as shown previously.?* A de-
tailed description of the flow cytometry procedure is pro-
vided in the Supplementary Materials.

CD8*T-cell response to the IMA950-epitope was defined
to be positive when the percentage of tetramer-positive
CD8*T cells showed a four-fold or higher increase within
at least one-time point in the postvaccine phase relative to
the corresponding percentage at the prevaccine.?®25 The
expansion of IMA950-reactive CD8*T cell frequencies over
postvaccine periods was assessed by calculating the mean
percentage of total IMA950 tetramer-positive CD8* T cell
per available postvaccine time point.

Immunohistochemistry Assessment of Tumor
Samples

A detailed description of the immunohistochemistry proce-
dure is provided in the Supplementary Materials.

Mass Cytometry Staining and Data Acquisition

A detailed description of the mass cytometry procedure is
provided in the Supplementary Materials.

Mass Cytometry Data Analysis

A detailed description is available in the Supplementary
Materials.

Evaluation of Blocking Effect of Varlilumab on
Anti-CD27 Antibody

A detailed description is provided in the Supplementary
Materials.

Statistics

We assumed the expansion of IMA950-reactive CD8* T-cell
frequencies over postvaccine periods was greater in Arm
1 than in Arm 2. The sample size was determined to be 15
per arm to provide 80% power for detecting the difference
of 0.8, with a standard deviation for both arms of 1.0 with a
significant level of 0.10. The statistical differences in the pro-
portion of each cluster among samples within the same arm
were calculated using a paired t-test or Wilcoxon signed rank
test, as appropriate. A nonpaired Student’s t-test with Welch's
correction or Wilcoxon rank test was used to compare Arm
1 and Arm 2 samples. Multiple testing was adjusted using
the Benjamini-Hochberg method. Progression-free survival
(PFS) was defined as the time from the start of treatment to
the time of progression or death. Overall survival (OS) was
defined as the time from the start of treatment to the time
of death. Patients who did not progress or die during the
follow-up period were censored at the time of their last fol-
low-up. The survival time was estimated using the Kaplan-
Meier method, and the log-rank test was used to assess
differences in the survival distributions between the patients.
Statistical analyses and data visualization were performed
using the ggplot2 R package (R version 4.2.0), and P-values
less than .05 were regarded as statistically significant.

Results
Patient Characteristics

From January 11, 2017 until July 1, 2021, 14 patients were
enrolled and randomized —eight into Arm 1 and six into
Arm 2—and underwent resection. The study was de-
signed to enroll 30 (15 patients/arm) eligible patients.
However, the enrollment was terminated earlier than ex-
pected due to Celldex’s prioritization of other programs,
terminating Varliumab development, and COVID-19-
related challenges. Four patients received presurgery
vaccines but were excluded from postsurgery vaccines
due to the high-grade diagnosis of the resected tumor. As
the study defined that patients must receive at least four
post-surgery vaccines for the safety evaluation, 10 pa-
tients (median age, 41 years; 30% female, 70% male) were
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Table 1. Patients’ baseline characteristics

Characteristics
Median age, years (range)
Gender, no. (%)
Male
Female
Reccurent, no. (%)
Histology, no. (%)
Oligodendroglioma
Astrocytoma
IDH1 mutation, no. (%)
Race
White
African American
Asian
Other

Median no. of days from presurgury vaccine to surgery (range)

Median no. of days from surgery to first postsurgical vaccine (range)

Median no. of adjuvant vaccines (range)

Median time from original diagnosis to surgery on trial, years (range)

Prior radiotherapy, no. (%)
Prior systemic therapy, no. (%)

Median lymphocyte count, x10%L (range)

evaluable (Table 1); six patients on Arm 1 and four on Arm
2. One patient on Arm 1 had oligodendroglioma, while the
remaining five were astrocytoma. Three of four patients
on Arm 2 had oligodendroglioma with one astrocytoma.
All patients harbored an IDH1 mutation, although this
was not required for eligibility. One patient on Arm 1 re-
ceived radiation prior to study participation (Table 1). We
analyzed our clinical data in the current study (1) with all
eligible patients and (2) per arm. There were no signif-
icant differences between Arms 1 and 2 regarding race,
ethnicity, and the median time between surgical resection
and first adjuvant vaccination (Table 1).

Treatment and Safety

Treatment was well-tolerated, with four subjects experien-
cing five grade 3 and no grade 4 or 5 treatment-related ad-
verse events (TRAEs) (Table 2). The most common TRAE
was a headache. Of the five grade 3TRAEs, there were three
counts of lymphopenia, one count of leukopenia, and one
headache. All grade 3TRAEs occurred in Arm 1 patients aside
from the headache TRAE. No patients experienced any RLT.

Vaccination With IMA950/Poly-ICLC Induces
Epitope-Specific CD8* T-Cell Response in the
Peripheral Blood

To determine the CD8* T-cell response to the IMA950
vaccine, we evaluated the frequency of epitope-specific

Arm1,n=6 Arm2,n=4 Total
41 (22-50) 38 (27-49) 41 (22-50)
5(83.3) (50.0) 7 (70.0)
1(16.7) 2 (50.0) 3(30.0)
6(100) 2 (50.0) 8(80.0)
1(16.7) 3(75.0) 4 (40.0)
5(83.3) 1(25.0) 6 (60.0)
6(100) 4 (100) 10 (100)
5(83.3) 3(75.0) 8(80.0)
0(0) 0(0) 0(0)
0(0) 0(0) 0(0)
1(16.7) 1(25.0) 2(20.0)
24 (22-30) 24.5 (23-25) 24 (22-30)
29.5 (21-37) 33.5 (29-58) 33(21-58)
12 (11-12) 12 (12-12) 12 (11-12)
4.3(2.1-13.0) 7.9(0.4-14.1) 4.8 (0.4-14.1)
1(16.7) 0(0) 1(10.0)
3(50.0) 4 (100) 7 (70.0)
2.26 (1.55-3.04) 1.69 (1.35-2.45) 1.82 (1.35-3.04)

CD8* T cells in PBMCs from 10 eligible patients (six in
Arm 1 and four in Arm 2). To maximize the ability to de-
tect the epitope-specific T cells, we stimulated PBMCs
with the corresponding peptides before evaluation. The
gating strategy and representative dot plots are shown in
Supplementary Figure S1A and S1B. The frequencies of
IMA950-reactive cells among total CD8*T cells over time
are summarized in Figure 2A (CSP-001, IGF2BP3-001,
NLGN4X-001, and PTP-003) and Supplementary Figure
S2 (BCA-002, FABP7-001, NRCAM-001, PTP-005, and
TNC-001). Because prevaccine PBMCs were unavailable
from one patient in Arm 1 (108-013), CD8*T-cell response
to IMA950-epitopes was evaluated in nine patients. All
patients responded to at least a single IMA950-epitope,
and four of five Arm 1 patients and all Arm 2 patients re-
sponded to multiple IMA950-epitopes (Figure 2B). There
was no statistically significant difference between the
two arms in the number of IMA950-epitopes that induced
CD8* T-cell response per patient (P=.14; Wilcoxon rank
test; Figure 2B).The mean percentage of IMA950-reactive
CD8*T cells among total CD8* T cells was evaluated in
available postsurgery PBMC samples during the study.
No statistically significant difference was observed be-
tween the two arms (P =.30, Student’s t-test with Welch’s
correction, Figure 2C). Given the imbalance in the newly
diagnosed and recurrent cases distribution between
Arm 1 and Arm 2 (Table 1), we compared the mean per-
centage of IMA950-reactive CD8* T cells between newly
diagnosed and recurrent LGG. We observed no statisti-
cally significant difference between newly diagnosed
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Table2. Adverse events

Adverse event

General disorders
Injection site reaction
Chills
Fatigue
Fever
Flu-like symptoms
Pain

Nervous system related
Headache
Seizure
Dizziness

Insomnia

Gastrointestinal disorders

Nausea
Upset stomach
Vomiting
Dyspepsia

Skin disorder
Pruritus
Rash Maculo-Papular
Itching

Blood disorders
Leukopenia
Neutropenia
Lymphopenia

Laboratory results
ALT increase
AST increase

Respiratory disorder

Laryngeal inflammation

Cough
Wheezing

Sore throat

Musculoskeletal and connective

tissue disorders
Pain in extremity
Arthralgia
Body aches
Renal disorders

Urinary frequency

Metabolism and nutrition dis-

orders

Anorexia

aGrade 3 adverse event

Arm 1
(N =202)

91 (45.0%)
0 (0%)

6 (3.0%)
3(1.5%)
26 (12.9%)
1(0.5%)

7 (3.5%)
0(0%)

2 (1.0%)
4(2.0%)

12 (5.9%)
1(0.5%)
3 (1.5%)
1(0.5%)

2 (1.0%)
0 (0%)
0 (0%)

122 (5.9%)
2 (1.0%)
122 (5.9%)

1(0.5%)
0 (0%)

0 (0%)
0 (0%)
0 (0%)
1(0.5%)

4(2.0%)
1(0.5%)
1(0.5%)

1(0.5%)

0(0%)

Arm 2
(N=103)

44 (42.7%)
1(1.0%)
17 (16.5%)
1 (1.0%)

1 (1.0%)

0 (0%)

192 (18.4%)
2 (1.9%)

0 (0%)

0 (0%)

7 (6.8%)
0 (0%)
7 (6.8%)
0 (0%)

1(1.0%)
0(0%)
0(0%)

0(0%)
0(0%)
0(0%)

0 (0%)
0 (0%)

0 (0%)
0 (0%)
0 (0%)
0 (0%)

0(0%)
0(0%)
0(0%)

0 (0%)

2 (1.9%)

and recurrent LGG. (P=.62, Wilcoxon rank test, data not
shown).

Expression of BCAN and PTPRZ1, Two of the
IMA950 Antigens, in the Tumor Tissue

To assess the expression of IMA950 antigens in the tu-
mors of patients, we conducted an immunohistochemical
evaluation on the expression of brevican (BCAN) and
receptor-type tyrosine-protein phosphatase zeta (PTPRZ1),
two of the IMA950 antigens, in tissues collected at dis-
tinct time points: before (six samples, at the initial surgery/
prevaccination), during (11 samples, at the protocol-defined
surgery; post four cycles of the vaccination), and after the
study (two samples, after the study treatment and recur-
rence) (representative images in Supplementary Figure
S3A). BCAN and PTPRZ1 were expressed in all evaluated
tissue samples (Supplementary Figure S3B). However,
no association was observed between the expression of
the antigens, either before or during the study, and the
vaccine-reactive CD8* T-cell response (data not shown).
Interestingly, an immunohistochemistry score (H-score)
for BCAN exhibited a decline from an average of 245.9
(the protocol-defined surgery) to 152.5 (postrecurrence)
in two available cases (patients 108-013 and 108-018, both
in Arm 1) (Supplementary Figure S3C). However, unfortu-
nately, none of these patients showed a robust CD8* T-cell
response to BCAN (Supplementary Figure S2). On the
other hand, the H-score for PTPRZ demonstrated a slight
increase from an average of 199.1 to 245.0.

Varlilumab Induces an Effector Memory Subset of
T Cells

We conducted mass cytometric immune analyses to
evaluate the effect of varlilumab on the development of
epitope-specific T cells in PBMCs. As T-cell responses in-
duced by the vaccine and the proinflammatory responses
elicited by varlilumab are more robust following the in-
itial dose in comparison to subsequent cycles, % we
evaluated PBMCs at both pretreatment and surgery (post
four cycles of IMA950 + poly-ICLC with or without one
cycle of varlilumab) from 11 patients, including 4 patients
who were found to have HGG (6 and 5 patients in Arms
1 and 2, respectively). CD8* and CD4*T cells were identi-
fied using a conventional gating strategy (Supplementary
Figure S4). We initially attempted to identify IMA950- and
viral epitope-specific CD8*T cells by ex vivo metal-labeled
tetramer stainings in PBMCs from patients.?’” However,
epitope-specific CD8*T cells, except for viral epitopes, were
not observed in any patients (data not shown). Therefore,
we first compared the expression of T-cell phenotypic
markers in bulk CD8*T cells between both treatment arms
at pre- and postvaccine. Although the expression of CD27
on CD8* T cells appeared to be decreased after the treat-
ment with varlilumab, CD27 was not included in our unsu-
pervised analysis of bulk CD8* T-cell clustering due to the
interference of the evaluation by competitive binding of
varlilumab and anti-CD27 antibody clone L128 to human
CD27 (Supplementary Figure S5A and S5B).
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Figure 2. Vaccination with IMA950 and poly-ICLC induces IMA950-specific CD8* T-cell response. (A) The longitudinal changes in the frequency
of CD8* T cells reactive to IMA950 antigens CSP-001, IGF2BP3-001, NLGN4X-001, and PTP-003. Horizontal dashed lines indicate the threshold
for the background tetramer reactivity as determined by the nonspecific reactivity of HLA-A*02-negative CD8* T cells to each tetramer. (B) The
number of IMA950-epitopes that induced CD8* T-cell response. All patients showed CD8* T-cell response to at least a single IMA950- epitope,
defined as the percentage of tetramer* CD8* T cells showing a four-fold or higher increase in at least one postvaccine time point compared to
prevaccine. Comparison calculated with the Wilcoxon rank test. (C) The expansion of IMA950-reactive CD8* T cells over postvaccine periods is
evaluated by calculating the mean percentage of total IMA950-reactive CD8* T cells among CD8* T cells in available postsurgery PBMC samples
during the study. Comparison calculated with nonpaired Student’s t-test with Welch’s correction.
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Figure 3. Varlilumab induces an increase of effector and effector memory CD8* T cells in the peripheral blood. (A) t-SNE plot of pooled CD8* T
cells from patients in each treatment arm at pre- and postvaccine (at surgery; patients received four cycles of IMA950 vaccine + poly-ICLC with
or without one cycle of varlilumab). CD8* T cells from Arm 1 (six cases including two ineligible cases with high-grade diagnosis) and Arm 2 (five
cases including two ineligible cases with high-grade diagnosis) were subjected to dimension reductional algorithm t-SNE for visualization in 2D
space and clustered by ClusterX algorithm based on the expression level of T-cell phenotypic markers (CD45RA, CD45R0, CCR7, CD28, CD127,
CXCR3, T-bet, TIM-3, and PD-1). The highlighted areas represent the cell density of Cluster 3 and Cluster 8. (B) The heatmap visualizes each T-cell
phenotypic marker's relative expression score (z score) in each subpopulation. Each cluster was annotated based on the expression status of
T-cell phenotypic markers as listed above. C. Box plots show the change in percentages of Cluster 3 and Cluster 8 in both treatment arms at pre-
and post-vaccine (at surgery). *P < 0.05 (paired t-test); multiple testing was adjusted using the Benjamini-Hochberg method.

CD8*T cells were clustered using the ClusterX algorithm
and visualized on the t-distributed stochastic neighbor
embedding (t-SNE) plot. Based on the expression levels of
T-cell phenotypic markers—CD45RA, CD45R0, CCR7, CD28,
CD127, CXCR3, T-bet, TIM-3, and PD-1, 21 subpopulations
(clusters) of CD8* T cells were identified (Figure 3A and
3B). The proportion of CD45RA*-, CD45R0O", Thet", and
PD-1* effector CD8* T cell (cluster 3) and CD45RO*, Thet",
and PD-1+ effector memory CD8*T cell (cluster 8) was sig-
nificantly upregulated in postvaccine samples compared
to prevaccine samples in Arm 1 patients (Figure 3A and
3C). Notably, these effector and effector memory CD8+ T
cells exhibited a low-expression level of CXCR3, which is

a crucial homing receptor required forT-cell infiltration into
tumors.?® In contrast, the upregulation was not observed in
any effector or effector memory CD8* T-cell subpopulation
in Arm 2 patients (Figure 3C and Supplementary Figure S6).
CD4*T cells were also clustered into nine subpopulations
based on the expression levels of CD45RA, CD45RO,
CCR7, CD127, CD25, CXCR3, HLA-DR, FoxP3, CTLA-4, and
PD-1 using the same algorithm for CD8* T-cell clustering
(Figure 4A and 4B). The addition of varlilumab to the
IMA950 vaccine (Arm 1), but not the vaccine alone (Arm
2), significantly upregulated the proportion of CD45R0O",
CCR7-, CXCR3*, and Tbet™idhi effector memory T helper
type 1 (Th1) CD4* T-cell subpopulations (clusters 1 and 6,
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Figure 4A and 4C). The addition of varlilumab did not af-
fect the proportion of regulatory T cells (Figure 4D). These
results indicate that the varlilumab-mediated CD70-
CD27 costimulation induced T-cell activation and effector
memory differentiation in circulating bulk T cells in LGG
patients.

Varlilumab Does Not Induce Immune Responses
in Tumor-Infiltrating T Cells

To evaluate the effect of varlilumab on tumor-infiltrating
immune cells, we performed mass cytometric immune
analyses in eight evaluable tumor samples (three in
Arm 1 and five in Arm 2). Ex vivo metal-labeled tetramer
stainings did not detect IMA950 epitope-specific CD8*
T cells in the tumor samples from any patients (data not
shown). Live single CD45* cells were gated from resected
tumor tissues and clustered into 18 immune cell popula-
tions (Supplementary Figure S7A and S7B). The addition
of varlilumab (Arm 1) did not induce effector or effector
memory T-cell population in the tumor in contrast to our
observations in the PBMC samples (Supplementary Figure
S7C).These findings suggest that the vaccine-inducedT-cell
response in the periphery did not penetrate the blood-
tumor barrier.

Clinical Efficacy

At the cutoff date (January 2023), two patients in Arm 1
and one patient in Arm 2 survived without progression,
and one patient in Arm 1 died (Supplementary Figure S8A).
Although this study was not powered for detecting sig-
nificant differences in the survival between the two arms,
the median PFS was 24.4 months (95% confidence interval
[CI], 20.0 months—not reached) for Arm 1 and 22.5 months
(95% CI, 75 months—not reached) for Arm 2, and the me-
dian OS was not reached in either group (Supplementary
Figure S8B).

Discussion

The current study evaluated the safety and immunolog-
ical response of the novel combination regimen with the
IMA950 vaccine, poly-ICLC, and varlilumab in HLA-A*02:01-
positive patients with CNS WHO grade 2 LGGs. The study
also integrated presurgical therapy and prospective evalu-
ation of the resected tumor. Ultimately, the study demon-
strated the safety of the combination regimen; moreover,
the regimen including varlilumab induced IMA950-reactive
effector memory Th1 CD4* and CD8* T cells in PBMC.
However, IMA950-reactive T cells were not detected in re-
sected tumor samples.

Regarding the safety evaluation as one of the primary
objectives, three of six patients in Arm 1 experienced grade
3 lymphopenia, which has been reported as the most prev-
alent laboratory abnormality observed in a phase | study
of varlilumab monotherapy.?® Subsequently, all patients
recovered from lymphopenia without specific treatment or
interruption of the study regimen. In addition, no patients

presented RLTs; thus, the combination regimen was safe
and well tolerated in patients with LGGs.

The other primary objective of the study was to deter-
mine whether varlilumab would increase the response
rate and degree of IMA950-reactive T-cell responses in
postvaccine PBMC samples. Arm 1 patients (ie, with
varlilumab) did not demonstrate a significant augmenta-
tion of IMA950-reactive CD8*T cells compared to Arm 2 pa-
tients (Figure 2C). This result could be due to a transient
effect of varlilumab on antigen-specific CD8* T-cell expan-
sion and exhaustion of IMA950-reactive CD8*T cells. IL2 is
a crucial CD27 target gene, and CD27/CD70 costimulation
promotes clonal expansion of primed CD8*T cells through
autocrine IL-2-dependent survival signaling.?® The phar-
macodynamic study of varlilumab indicates that a single
dose of varlilumab saturates CD27 on nearly all T cells for
at least 1 month. However, the upregulation of the serum
proinflammatory cytokines, including IL-2, is transient,
with a peak of a few hours after the administration.?® Based
on our mass cytometric analysis of PBMCs, the expression
level of IL2-receptor alpha chain, CD25, on CD8*T cells was
not augmented at 3 weeks after the initial administration of
varlilumab (data not shown). These observations suggest
the transient effect of varlilumab on I-:2 induction underlay
the lack of enhanced IMA950-reactive CD8*T-cell expansion
over the postvaccine time points compared to the control
(Arm 2) patients. The dose escalation of varlilumab with a
shorter administration interval may enhance the IMA950-
reactive CD8* T-cell expansion, as the serum concentra-
tion of inflammatory chemokines and cytokines during the
weekly dosing phase was significantly upregulated from
baseline values, compared to the single dosing phase.3°

Moreover, our mass cytometric analysis of PBMCs
revealed the induction of PD-1* effector and effector
memory CD8*T cells at 3 weeks after the administration of
varlilumab (Figure 3C). As transient upregulation of PD-1 on
antigen-specific CD8*T cells by constitutive antigenic stim-
ulation and CD27/CD70 costimulation negatively regulates
T-cell expansion through T-cell exhaustion,’ the exhaus-
tion of IMA950-reactive CD8*T cells may have contributed
to the underwhelming T-cell expansion observed in Arm 1
patients over the postvaccine time points. Reinvigoration
of vaccine-reactive CD8*T cells through an immune check-
point inhibitor appears to be an effective strategy to im-
prove the combinational therapy with peptide-based
vaccine and anti-CD27 agonist. However, despite the prom-
ising preclinical results of dual PD-1 blockade and CD27 ag-
onism in terms of T-cell activation and antitumor activity,
combination therapy with varlilumab and an anti-PD-1 an-
tibody, nivolumab, in patients with advanced solid tumors,
including GBM, has shown limited clinical activity compa-
rable to that observed with nivolumab monotherapy.3':32
Further research is warranted to improve the immunolog-
ical response and clinical outcomes of peptide-based vac-
cines in combination with the costimulatory agonist and
immune checkpoint inhibition.

The CD27/CD70 costimulation promotes the differen-
tiation of Th1 CD4*T cells by facilitating the expression of
the master transcription factor T-bet, which 1-12 induces."
While dendritic cells activated by pattern recognition re-
ceptor signals can induce effector CD8*T-cell differentiation
in the absence of Th1 CD4+T cells, Th1 CD4*T cells help is
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Figure 4. Varlilumab induces effector memory Th1 CD4* T cells. (A) t-SNE plot of pooled CD4* T cells from patients in each treatment arm at pre-
and postvaccine (at surgery; patients received four cycles of IMA950 vaccine + poly-ICLC with or without one cycle of varlilumab). CD4* T cells
in Arm 1 (six cases including two ineligible cases with high-grade diagnosis) and Arm 2 (five cases including two ineligible cases with high-grade
diagnosis) were subjected to dimension reductional algorithm t-SNE for visualization in 2D space and clustered by ClusterX algorithm based on
the expression level of CD4* T-cell phenotypic markers (CD45RA, CD45R0, CCR7, CD127, CD25, HLA-DR, FoxP3, CTLA-4, and PD-1). The highlighted
areas represent the cell density of Cluster 1 or Cluster 6. (B) Heatmap visualizes each T-cell phenotypic marker's relative expression score (z
score) in each subpopulation. Each cluster was annotated based on the expression status of CD4* T-cell phenotypic markers as listed above.
(C) Box plots show the change in percentages of clusters 1 and 6 in both treatment arms at pre- and postvaccine (at surgery). *P < .05 (paired
t-test); multiple testing was adjusted using the Benjamini-Hochberg method. (D) Box plot shows the change in the percentage of regulatory T

cells in both treatment arms at pre- and postvaccine (at surgery). Pvalue was calculated by paired t-test. Multiple testing was adjusted using the
Benjamini-Hochberg method.
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essential for CD8* memory differentiation.’” Based on these
observations, MHC class I-restricted peptide vaccines gen-
erally incorporate at least one MHC class ll-restricted pep-
tide.5'® In the current study, we demonstrated for the first
time to our knowledge that varlilumab promoted the in-
duction of effector memoryTh1 CD4* and effector memory
CD8*T cells in the PBMCs in Arm 1 patients. These findings
support the rationale for combining the multipeptides vac-
cine with varlilumab.

The neoadjuvant treatment design allows for an evalua-
tion of the effects of IMA950 and varlilumab in the human
glioma TME. However, our analyses failed to show the
presence of IMA950-reactive CD8* T cells or the induc-
tion of effector memory T cells in the TME. In contrast to
the current study, our prior tumor-cell lysate vaccine study,
in combination with poly-ICLC, detected the presence of
vaccine-reactive CD8*T-cell clones in the TME of LGGs using
single-cell RNA sequencing and TCR sequencing.” Our ex
vivo tetramer assay failed to detect IMA950-reactive CD8* T
cells even in PBMCs. Therefore, the frequencies of IMA950-
reactive CD8* T cells in PBMCs and the TME are below the
detection threshold of current ex vivo multimer assays.?
High-resolution single-cell RNA/TCR sequencing analyses
might allow us to detect vaccine-reactive T-cell responses
in the TME of LGGs."® The neoadjuvant design of the study
also allows for evaluating the possible change in the expres-
sion levels of vaccine target antigens in the tumor as a po-
tential mechanism employed by tumor cells to evade T-cell
immunosurveillance.®® While the limited sample size pre-
cluded definitive conclusions, it is intriguing to observe the
decline in BCAN expression subsequent to disease progres-
sion. This observation may support the underlying concept
of our multipeptide vaccination, which attempts to address
the challenge of antigen loss and mitigate the risk of immune
escape by simultaneously targeting 11 different antigens.?

The absence of the effector memory response following
the varlilumab-including regimen in the TME could be at-
tributed to factors, including (1) the intact blood-brain bar-
rier in LGG patients, which limits the entry of immune cells
and immune mediators into the CNS,3* (2) high incidence
of CD70 expression on LGG cells which induce CD8* spe-
cific T-cell death through the epiregulin-epidermal growth
factor receptor pathway,?® (3) multifactorial immunosup-
pression in the TME of IDH-mutant LGGs,*® and (4) the
absence of CNS-homing receptor expression on vaccine-
reactiveT cells. We have reported that the accumulation of
oncometabolite 2-HG derived from the mutant IDH enzyme
reduces the expression of IFN-y-inducible chemokines, in-
cluding CXCL9 and CXCL10 suppressing theT-cell accumu-
lation in TME of LGG.* We also found the low expression
of CXCR3, the cognate receptor for CXCL9 and CXCR10,
on effecter and effecter memory CD8* T cells (Figure 3B).
Notably, a panoply of homing receptors, including CXCR3,
onT cells, as well as increased expression of homing re-
ceptor ligands in TME, are crucial factors for T-cell infiltra-
tion in tumors.®® Thus, the novel strategies combining an
inhibitor of mutant IDH activity, multipeptide vaccine, and
adjuvants that effectively induce homing receptors, such
as CXCR3, onT cells may improve the efficacy of immuno-
therapy in patients with LGGs.5%7

Our study includes several limitations. First, this is a pilot
study with a small sample size, early termination before

the accrual of initially determined 30 patients, and short
follow-up periods to evaluate the clinical benefit for pa-
tients with CNS WHO grade 2 LGGs. Second, the quantity
of resected tumors available for immunological analyses
was limited. Only 8 tumor samples, including 3 samples
from ineligible patients with high-grade diagnosis, were
evaluable for mass cytometric assay. No tumor sample
was available for tetramer-based flow cytometry analyses
to identify IMA950-reactive CD8* T cells after in vitro stim-
ulation. Third, no patients exhibited ex vivo-measurable
IMA950-reactive CD8* T-cell responses by state-of-the-
art mass cytometric assay combined with metal-labeled
tetramer stainings, which was expected to allow for the
evaluation of the multiple phenotypes of antigen-specific
T cells.”® The use of higher order multimer, an antibody
against pMHC, and protein kinase inhibitors that inhibit
TCR internalization, may improve the sensitivity of tet-
ramer staining for T cells with low-affinity TCR, such as
nonmutated tumor antigen-specificT cells.'838

In conclusion, our study demonstrated the regimen’s
safety and varlilumab’s ability to promote the differen-
tiation of effector memory Th1 CD4* T cells and effector
memory CD8* T cells in the peripheral blood of CNS
WHO grade 2 LGG patients. However, no discernible ef-
fects on T-cell differentiation were observed within the
TME. Therefore, to achieve better clinical outcomes in
patients with LGGs, further refinement of combinatorial
therapy of multipeptide vaccine with immunotherapies
and more active disruption of the blood-brain barrier are
warranted.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (https://academic.oup.com/neuro-oncology).
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