
Neuro-Oncology Advances
4(1), 1–11, 2022 | https://doi.org/10.1093/noajnl/vdac089 | Advance Access date 24 June 2022

1

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. 
For commercial re-use, please contact journals.permissions@oup.com

© The Author(s) 2022. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of Neuro-Oncology.

Ian F. Parney , S. Keith Anderson , Michael P. Gustafson, Susan Steinmetz, Timothy E. Peterson, 
Trynda N. Kroneman, Aditya Raghunathan , Brian P. O’Neill, Jan C. Buckner , Mary Solseth, and 
Allan B. Dietz 

Department of Neurological Surgery, Mayo Clinic, Rochester, Minnesota, USA (I.F.P., T.E.P.); Department of Immunology, 
Mayo Clinic, Rochester, Minnesota, USA (I.F.P., A.B.D.); Department of Quantitative Health Sciences, Mayo Clinic Cancer 
Center, Rochester, Minnesota, USA (S.K.A.); Nyberg Human Cell Therapy Lab, Division of Laboratory Medicine, Department 
of Laboratory Medicine and Pathology, Mayo Clinic Arizona, Phoenix, Arizona, USA (M.P.G.); Department of Neurology, 
Mayo Clinic, Rochester, Minnesota, USA (S.S., B.P.O.); Division of Anatomic Pathology, Department of Laboratory Medicine 
and Pathology, Mayo Clinic, Rochester, Minnesota, USA (T.N.K., A.R.); Department of Oncology, Mayo Clinic, Rochester, 
Minnesota, USA (J.C.B.); Immune Progenitor and Cellular Therapy (IMPACT) Laboratory, Division of Transfusion Medicine, 
Department of Laboratory Medicine and Pathology, Mayo Clinic, Rochester, Minnesota, USA (M.S., A.B.D.)

Corresponding Authors: Ian F. Parney, MD, PhD, Department of Neurological Surgery, Mayo Clinic, 200 First Street SW, Rochester, 
MN, 55905, USA (parney.ian@mayo.edu); Allan B. Dietz, PhD, Department of Immunology, Mayo Clinic, 200 First Street SW, 
Rochester, MN 55902, USA (dietz.allan@mayo.edu).

Abstract
Background. Glioblastoma (GBM) has poor prognosis despite aggressive treatment. Dendritic cell (DC) vaccines 
are promising, but widespread clinical use has not been achieved, possibly reflecting manufacturing issues of an-
tigen choice and DC potency. We previously optimized vaccine manufacture utilizing allogeneic human GBM tumor 
cell lysate and potent, mature autologous DCs. Here, we report a phase I study using this optimized DC vaccine in 
combination with standard therapy.
Methods. Following surgical resection and radiation with concurrent temozolomide (TMZ), newly diagnosed adult 
GBM patients received intradermal DC vaccines plus TMZ. Primary endpoints were safety and feasibility. Immune 
and treatment responses were recorded.
Results. Twenty-one patients were enrolled in this study. One progressed between leukapheresis and vaccine man-
ufacture. Twenty patients received treatment per protocol. Vaccine doses (≥15) were generated following a single 
leukapheresis for each patient. No dose-limiting vaccine toxicities were encountered. One patient had symptomatic, 
histologically proven pseudoprogression. Median progression-free survival was 9.7 months. Median overall survival was 
19 months. Overall survival was 25% at 2 years and 10% at 4 years. One patient remains progression-free 5 years after 
enrollment. Specific CD8 T-cell responses for the tumor-associated antigen gp100 were seen post-vaccination. Patients 
entered the trial with a leukocyte deficit compared to healthy donors which partly normalized over the course of therapy.
Conclusions. This vaccine platform is safe and highly feasible in combination with standard therapy for newly 
diagnosed patients. Imaging, histological, survival, and immunological data suggest a positive biological response 
to therapy that warrants further investigation.

Key Points

• Phase I trial results of a novel dendritic cell vaccine in new GBM are reported.

• Autologous dendritic cell/allogeneic tumor lysate vaccines are safe and feasible.

• Immunological and clinical outcomes suggest a biological response worth further 
investigation.

Phase I trial of adjuvant mature autologous dendritic 
cell/allogeneic tumor lysate vaccines in combination 
with temozolomide in newly diagnosed glioblastoma
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Glioblastoma (GBM) has median overall survival (OS) of 
14.6 months1 despite surgery, radiation, and temozolomide 
(TMZ) chemotherapy. GBM vaccines have appeared bene-
ficial in small clinical trials.2–4 However, larger, randomized 
studies have been less promising due to limited efficacy,5 
dropout/poor enrollment due to manufacturing issues,6 or 
both.7 To address these issues, we previously developed a 
novel manufacturing strategy for a dendritic cell (DC) vac-
cine with scalable GBM antigen sources and improved DC 
maturation with potent in vitro T-cell stimulation.8 This plat-
form relies on both a novel library of allogeneic human 
GBM cell lines as an antigen source and a novel method 
for DC culture that yields far more CD83+ mature DCs from 
GBM patients’ monocytes than standard techniques.

Antigen source is a key issue in tumor vaccines. Many 
prior GBM vaccines use bulk autologous patient tumor-
derived antigens2,4 producing a large, personalized an-
tigen library. However, tumor tissue requirements limit 
manufacturing yield and antigen-specific response testing 
in clinical trials is not feasible because each vaccine con-
tains different antigens. Alternatively, some vaccines target 
specific GBM-associated antigens.3,5,9,10 These do not re-
quire tumor tissue and enable antigen-specific response 
testing. However, they are limited to tumors expressing 
specific antigens, sometimes require specific haplo-
types,9,10 and are subject to immunoediting and variable 
antigen expression.3,5 We previously developed a hybrid 
antigen source for GBM vaccines utilizing a library of al-
logeneic human GBM cell lines grown in the presence of 
platelet lysate as a supplement, resulting in a mixture of 
stem-like and differentiated glioma cell phenotypes.8 This li-
brary contains defined antigens (eg, EGFRviii, erbB2, gp100, 
MAGE-A3, IL13Ra2) and presumably, a large library of addi-
tional antigens. It is not limited by quantity or haplotype.

DCs are professional antigen-presenting cells that have 
been widely used in experimental cancer vaccines11 but are 
not widely used in clinical practice. Myeloid DCs are ex-
panded in vitro from CD14+ monocytes as immature DCs 
that subsequently undergo maturation. Mature DCs stim-
ulate immune responses12,13 while immature DCs are im-
munosuppressive.14 Standard DC culture techniques were 
developed using healthy donor monocytes.15,16 However, 
GBM patients’ monocytes include many immunosup-
pressive variants such as myeloid-derived suppressor 
cells.17,18 Standard DC culture techniques yield large num-
bers of immunosuppressive immature DCs (up to 50% or 
more) when applied to GBM patients’ monocytes, but we 

developed a novel technique producing >90% mature DCs 
from the same cells.8

Our novel autologous mature DC/allogeneic tumor ly-
sate vaccine platform allows production of many vaccine 
doses for every patient, provides a large library of poten-
tial antigens including several known tumor-associated 
antigens that could facilitate antigen-specific response 
testing, and utilizes far more mature (ie, potent) DCs from 
cancer patients’ monocytes than standard DC vaccines.8 In 
this study, we report initial phase I clinical trial results with 
this novel vaccine in combination with standard therapy 
for newly diagnosed GBM.

Methods

Patients

All patients were enrolled and treated at a single institu-
tion. Adults (≥18  years) with histological GBM diagnosis 
who had undergone maximal safe resection followed by 
external beam radiation (59.4 Gy in 30 fractions) with con-
current TMZ chemotherapy (75  mg/m2) were eligible for 
the study. Enrollment was limited to HLA-A0201 haplo-
type for the first 10 patients. Adequate performance status 
(European Cooperative Oncology Group [ECOG] perfor-
mance score 0-2), organ function, and absolute lympho-
cyte count (≥1500/µL) were required. Prior malignancy 
within 5  years (except non-melanoma skin cancer) or 
prior immunotherapy were exclusion criteria. The study 
was conducted under US Food and Drug Administration 
Investigational New Drug Application No. 15223, 
Institutional Review Board 13-000808, and is registered at 
clinicaltrials.gov (NCT01957956). Written informed consent 
was obtained from all patients.

Vaccine Manufacture

Vaccine manufacture was performed under current 
Good Manufacturing Practices (cGMP) conditions in the 
Mayo Immune Progenitor and Cell Therapy Laboratory 
as previously described.8 Enrolled patients underwent 
leukapheresis to acquire leukocytes for vaccine manu-
facture. CD14+ cells were purified by immunomagnetic 
selection (Miltenyi Biotec, Germany) and used to gen-
erate highly purified (>90%) CD83+ mature DCs. GBM 

Importance of the Study

Dendritic cell vaccines for glioblastoma 
are promising but face barriers, including 
manufacturing challenges in a broad patient 
population patient, poor yield of mature den-
dritic cells, and inability to test antigen-specific 
responses. We report results for a phase I clin-
ical trial of a novel allogeneic tumor lysate/
autologous dendritic cell vaccine in combina-
tion with standard therapy in newly diagnosed 

glioblastoma patients. Treatment was safe and 
highly feasible. We generated ≥15 vaccine doses 
for all patients enrolled. Treatment generated 
both clinical and immunological responses, in-
cluding antigen-specific CD8 T-cell responses. 
Median overall survival was 19  months. 
Collectively, this suggests a biological re-
sponse that warrants further investigation.
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patient-derived donor (allogeneic) primary tumor cultures 
were used as a source of tumor lysate8,19 DCs were pulsed 
with 0.1 mg/mL of tumor culture lysate (15 mg) and incu-
bated for 18 ± 6 hours.

Clinical Trial Design

Beginning 4-6 weeks after completing radiation with con-
current TMZ, patients underwent up to 12 treatment cycles 
(28 days/cycle). Leukapheresis was performed on day 0). In 
cycle 1, patients received only oral TMZ (days 1-5) at 150 mg/
m2/day during vaccine manufacture. Cycles 2 and 3 con-
sisted of oral TMZ (days 1-5) at 200 mg/m2/day plus DC vac-
cine on days 1, 3, and 5. Cycles 4-6 were oral TMZ (days 1-5) 
at 200 mg/m2/day plus DC vaccine on day 1. Cycles 7-12 were 
DC vaccine alone on day 1. Vaccine (2 × 107 ± 0.5 × 107 tumor 
lysate-pulsed mature autologous DC) was administered 
intradermally. Patients were monitored via scheduled clinic 
visits and laboratory studies before each cycle plus MRI 
scans every second cycle and additional monitoring as clini-
cally indicated. Patients remained on treatment until disease 
progression or the treatment protocol was completed.

Toxicity Assessment

Toxicities were assessed per the NCI Common Terminology 
Criteria for Adverse Events (CTCAE), version 4.0. Dose-
limiting toxicities (DLTs) were defined as any toxicities attrib-
utable (definitely, probably, or possible) to the experimental 
agent (DC vaccine) that were ≥grade 3, any ≥grade 2 bron-
chial obstruction/pneumonitis/wheezing, or any ≥grade 2 
toxicity that did not resolve to <grade 2 within 2 weeks.

Clinical Response Assessment for Treatment 
Evaluation

The Response Assessment in Neuro-Oncology (RANO) 
criteria were used to determine tumor progression in the 
first 6 patients felt to have progressed. However, following 
the publication of the Immunological RANO (iRANO) cri-
teria, these criteria requiring confirmation of radiographic 
progression on subsequent imaging for patients meeting 
the RANO criteria within 6 months of initiating immuno-
therapy were adopted for all remaining patients.

Antigen-specific Response Testing

Peripheral blood mononuclear cells (PBMC, purified from 
whole blood by density gradient centrifugation) from base-
line and at cycle 4 were obtained from HLA-A202+ patients. 
Flow cytometry was performed using human-specific, 
APC-CY7-conjugated anti-CD8 antibody (BD Pharmingen, 
clone SK1) and dextramer staining for nonsense control 
or gp100 (Immudex, gp100 peptide sequence IMDQVPFSV, 
control peptide sequence ILGFVFTLTV). Briefly, 1-3  ×  106 
PBMC were incubated with 10 µL of dextramer for 10 min-
utes followed by the addition of 2 µL of anti-CD8 antibody 
for an additional 20 minutes in the dark. After a brief wash, 
cells were resuspended in PBS containing 5% fetal bo-
vine serum and analyzed (BD LSR flow cytometer with UV 

[325 nm], violet [407 nm], blue [488 nm], and red [633 nm] 
lasers). Final data analysis was performed with FlowJo 
software (Tree Star Technologies).

Immunophenotyping

Whole blood samples were stained directly with antibodies 
without additional manipulations. A  quantitative flow 
cytometry approach to count circulating leukocytes was 
used with an 8-/10-color combination analysis tube related 
to quantitative BD TruCount tubes (BD Biosciences, San 
Jose, CA, USA) to accurately determine cells/µL of blood. 
This allows the determination of >100 unique phenotypes. 
Daily machine quality control (QC), individual antibody 
validation, and additional QC measures were performed. 
This comprehensive approach facilitates bioinformatics 
analysis.20–22 Both absolute (cells/µL) and relative (per-
centage of a related or parent population) frequency were 
determined. Identical immune analysis in 64 age-matched 
healthy volunteers (HV) provided a comparison.

Statistical Methods

This pilot study was meant to evaluate the safety and fea-
sibility of vaccination with allogeneic tumor lysate-pulsed 
mature autologous DC in combination with standard TMZ 
chemotherapy in newly diagnosed GBM patients. Twenty 
evaluable patients were adequate to provide preliminary 
safety and feasibility data. Comparison of progression-
free survival (PFS) and OS in O6-methylguanine-DNA 
methyltransferase (MGMT) promoter methylated and 
unmethylated patients was performed using the Kaplan-
Meier test. For immunological assays, comparison be-
tween groups was performed using Student’s t test or 
chi-square test. GraphPad Prism (version 7.00 for Mac, 
GraphPad Software, La Jolla, CA, USA, www.graphpad.
com) or software R (R Core Team [2019]. R: A  language 
and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria, https://www.R-
project.org/) were used.

Results

Patient, Surgery, and Tumor Characteristics

Twenty-one patients were enrolled in this study. Mean age 
was 60.5  years (range 28-77  years). Nine patients were 
female (42.9%). ECOG performance score was 0 in 12/21 
(57%), 1 in 8/21 (38%), and 2 in 1/21 (4.8%). Tumors were 
multifocal in 5/21 (24%) and bilateral in 4/21 (19%). Ten pa-
tients (48%) had subtotal resection, whereas 11 (52%) had 
gross total resection. MGMT promoter methylation assay 
results were available in 20 patients. Six (30%) showed 
MGMT promoter methylation. Isocitrate dehydrogenase 
(IDH1/IDH2) mutation information was available in all 
patients. One patient’s tumor (4.8%) harbored an IDH1 
(R132H) mutation. One patient (4.8%) was receiving cor-
ticosteroids at study entry. Patient information is summar-
ized in Table 1.

https://www.graphpad.com
https://www.graphpad.com
https://www.R-project.org/
https://www.R-project.org/
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Feasibility and Adverse Events

Treatment as outlined in schematic form in Figure 1A was 
highly feasible. At least 15 vaccine doses were generated for 
all patients enrolled (21/21) and 20/21 (95%) proceeded with 
therapy per protocol. One patient experienced histologically 
verified progression after vaccine manufacture but before 
receiving vaccine. No DLTs were observed. Toxicity at least 
possibly attributable to the overall therapy (vaccine and TMZ) 
included grade 3-4 lymphopenia in 7/20 (35%), neutropenia in 
2/20 (10%), thrombocytopenia in 2/20 (10%), and global leu-
kopenia in 2/20 (10%) (Figure 1B). These are in keeping with 
expected TMZ-mediated myelosuppression. Fatigue (grade 
1-2) possibly attributable to either vaccine or TMZ was seen 
in 15 patients (75%). Any grade 2 fatigue absent at baseline 
resolved quickly and was not counted as a DLT. Additional 
adverse events included grade 1-2 headache in 13/20 (65%), 
confusion in 7/20 (35%), ataxia in 4/20 (20%), and dysphasia in 
4/20 (20%) (Figure 1C). These neurological adverse events typ-
ically occurred in association with disease progression.

Clinical, Imaging, and Histological Response

With one objective imaging response (Figure 2A), overall 
response rate was 5%. Clinical benefit was 40% (stable dis-
ease for at least 12  months [7/20] or complete response 

or partial response at any time [1/20] divided by the total 
number of evaluable patients). In total, 10/20 evaluable 
patients had subsequent tissue diagnosis at imaging 
progression after receiving vaccine. Of these, 5 (50%) 
had viable recurrent tumor without significant inflam-
mation or treatment-related changes. Four (40%) had a 
mixture of viable recurrent/residual tumor and inflam-
mation but were interpreted as predominantly tumor. 
These patients were taken off treatment. One patient had 
predominantly treatment-related inflammation and ne-
crosis and subsequently resumed study treatment. In all 
5 patients with significant inflammatory cell infiltrates, 
this was predominantly represented by CD3+ or CD4+ 
T cells as well as CD68+ or CD163+ macrophages with 
smaller contributions from CD8+ T cells and scant or absent 
CD20+ B cells. Representative imaging, histological, and 
immunohistochemical findings at imaging recurrence are 
shown in Figure 2B and C.

Progression-Free Survival and Overall Survival

Median PFS and 95% confidence interval (95% CI) was 
9.7  months (9.3-21.8  months) (Figure 3A), though PFS is 
a challenging endpoint in the context of immunotherapy 
due to confounding inflammatory pseudoprogression. 
One patient remains progression-free at last follow-up 
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(60.7 months). Of note, this patient’s tumor was IDH wild 
type and did not exhibit MGMT promoter methylation. 
Median OS and 95% CI was 19 months (14.8-26.6 months) 

(Figure 3B). MGMT promoter methylation was associated 
with survival. Median PFS and follow-up range in MGMT 
methylated patients was 19.4  months (8.0, 39.3  months) 

  

C

B

A Post-Op Post-RT/TMZ Cycle 2

H&E CD68

CD3 CD8

H&E CD68

CD3 CD8

Cycle 12

Figure 2. Clinical response to vaccination. (A) Objective response in a 57-year-old woman. New enhancement developed around the resection 
cavity (arrows) and in the contralateral hemisphere (circle) after radiation with concurrent temozolomide. While both regions could potentially 
represent treatment-related inflammatory pseudoprogression, the enhancement in the contralateral hemisphere is outside the radiation field and 
is therefore more likely to represent true progression. Both regions resolved with therapy. (B) New enhancement at cycle 4 in a 55-year-old man. 
Biopsy showed necrosis with marked inflammatory infiltrate. (C) New enhancement at cycle 7 in a 60-year-old man. Biopsy showed viable tumor 
without inflammatory infiltrate.
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vs 9.4 months (5.5, 56.7 months) in unmethylated patients 
(Figure 3C; HR = 1.8 [95% CI: 0.6, 5.0, favoring MGMT meth-
ylated patients]; log-rank P = .26). Similarly, median OS was 
prolonged in MGMT methylated patients at 26.5  months 
(13.4, 60.7 months) vs 16.0 months (10.1, 56.7 months) for 
unmethylated patients (Figure 3D; HR = 1.9 [95% CI: 0.7, 5.8, 
favoring MGMT-methylated patients]; log-rank P = .22).

Immune Responses Following Treatment

The allogeneic tumor lysate used to pulse autologous 
DCs in this trial contains several defined tumor-associated 

antigens8 including gp100. Dextramer staining and flow 
cytometry show increased gp100-specific CD8 T-cell post-
vaccination in HLA-A202+ patients (Figure 4A). There 
was a trend to increased gp100-specific CD8 T-cell post-
vaccination in HLA-A202+ patients with PFS >2 years 
compared to those with PFS < 2 years, but this was not 
statistically significant (Figure 4B). Overall increases in 
multiple leukocyte populations occurred between enroll-
ment and cycle 9 (Figure 4C). This was most prominent for 
B cells (Figure 4D). Importantly, there were no significant 
alterations in immunosuppressive populations, such as 
CD4+/CD25+/CD125lo regulatory T cells, CD14+/HLA-DRlo/neg 
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rank P = .262. (D) Overall survival by MGMT methylation. Median methylated = 26.1 (13.4-60.7) months vs 16 (10.1-56.7) months. Log-rank P = .223.
  



 8 Parney et al. Optimized dendritic cell vaccines in newly diagnosed glioblastoma

  

105

105

104

0.01
%

0.10
%

0.34
%

104

103

C
o

n
tr

o
l d

ex
tr

am
er

g
p

10
0 

D
ex

tr
am

er

103

102

102

101

101
100

100

105

105

104

104

103

103

102

102

101

101
100

100

g
p

10
0 

D
ex

tr
am

er

Increased gp100 response post-vaccine
2.0

1.5

1.0

C
D

8 
(%

)

CD8

Control

0

Gra
nulo

cy
te

s

Monocy
te

s (
CD14

+)

In
te

rm
ed

iat
e (

14
+1

6+
)

Clas
sic

al 
(1

4+
16

-)

Non-c
las

sic
al 

(1
4lo

16
+)

CD3
CD4

CD8
CD19

CD56
+C

D16
+

CD56
+C

D16
-

Lin
ea

ge n
eg

 ce
lls

200

0

0

0

20

40

PRE-1
st

 IN
J

FIN
AL

PRE-1
st

 IN
J

FIN
AL

PRE-1
st

 IN
J

FIN
AL

PRE-1
st

 IN
J

FIN
AL

10

Long PFS Short PFS Long PFS Short PFS

PRE-1
st

 IN
J

FIN
AL

PRE-1
st

 IN
J

FIN
AL

PRE-1
st

 IN
J

FIN
AL

PRE-1
st

 IN
J

FIN
AL

Long PFS Short PFS Long PFS Short PFS

20

30

%
 o

f 
C

D
4+  

T
 c

el
ls

%
 o

f 
C

D
4+  

T
 c

el
ls

0

10

20

30

40

50

%
 o

f 
C

D
4+  

M
o

n
o

cy
te

s

0

20

40

60

80

100
p = 0.04

%
 o

f 
C

D
8+  

T
 c

el
ls

CD4+CD25+CD125lo Tregs

CD4+ PD-1+ T cells CD8+ PD-1+ T cells

CD4+HLA-DRlo/neg cells

40

50

50

100

150

C
el

ls
/µ

l

Total CD19+ B cells CD19+CD21+ B cells

200

250

0

25

50

%
 o

f 
C

D
19

+  
B

 c
el

ls

75

100p = 0.031

PRE-1st INJ Final PRE-1st INJ Final

p = 0.016400

P
er

ce
n

t 
ch

an
g

e
(B

as
el

in
e 

to
 c

yc
le

 9
)

600

A

C D

E

B

α-gp100: Baseline α-gp100: Cycle 4

CD8 CD8

0.5

0.0

Long P
FS

Short 
PFS

105

105

104

104

103

103

102

102

101

101
100

100

Figure 4. Specific immune responses to vaccination. (A) Representative dot plots showing the percentage of gp100-specific CD8+ cells compared 
to control dextramer staining pre- and post-vaccination in a patient with long progression-free survival (PFS). (B) Trend to increased gp100-specific 
CD8 T-cell post-vaccination in patients with prolonged PFS compared with short PFS. (C) Immunophenotyping demonstrates overall increases 
in multiple leukocyte populations between enrollment and cycle 9. (D) Increases were most prominent for B cells between enrollment (pre-first 
injection) and cycle 9 (final). (E) There were no significant increases or decreases in CD4+/CD25+/CD125lo regulatory T cells, CD14+/HLA-DRlo/neg 
monocytic myeloid-derived suppressor cells, or PD-1+ CD4 or CD8 cells between enrollment and cycle 9 in either long or short PFS patients.

  

monocytic myeloid-derived suppressor cells, or PD-1+ CD4 
or CD8 cells in either long or short PFS patients (Figure 4E).

Immunophenotype and Survival

Whole blood immunophenotyping was performed for more 
than 100 leukocyte phenotypes at multiple time points. As 

previously described,17 overall leukocyte numbers were sub-
stantially reduced in patients at baseline compared with HV, 
particularly for T and B cells (Supplementary Table 1). This re-
covered partially by cycle 9 (Figure 5A). T-cell populations at 
baseline were similar between patients who ultimately had 
survival ≤median OS compared to patients who survived 
>median OS (Figure 5B). No differences were seen in total 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac089#supplementary-data
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previously described,17 overall leukocyte numbers were sub-
stantially reduced in patients at baseline compared with HV, 
particularly for T and B cells (Supplementary Table 1). This re-
covered partially by cycle 9 (Figure 5A). T-cell populations at 
baseline were similar between patients who ultimately had 
survival ≤median OS compared to patients who survived 
>median OS (Figure 5B). No differences were seen in total 

CD4 and CD8 counts, but activated (CD25+) CD4 T cells were 
increased, both as a percentage of total CD4s and as per-
centage of non-Treg CD4s at baseline in patients with long 
survival. This was not associated with an absolute increase 
in CD4 Treg numbers at baseline but was associated with a 
relative increase in Tregs as a percentage of overall CD4s. 
Unsupervised hierarchical clustering was performed com-
paring global immunophenotypes of patients who received 

study treatment (n = 20) vs HV (n = 64) and additional GBM 
patients (n = 20). This demonstrated that 5/7 (71%) trial pa-
tients with long PFS (>2 years) had an abnormal systemic 
immunophenotype at baseline (ie, overlapping with prior 
GBM patients). This was similar in patients with short PFS 
(≤2 years) who were abnormal in 61% (P = .6583; chi-square). 
However, immunophenotypes became more like those of 
HV (ie, immune normalization) at the end of the study in 6/7 
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long PFS patients (86%) compared with only 4/13 patients 
with short PFS (31%; P = .0191; chi-square).

Discussion

Though this small non-randomized study must be inter-
preted with caution, several important conclusions can 
be made regarding feasibility and safety. First, treatment 
with an optimized autologous DC/allogeneic tumor lysate 
vaccine as outlined here is highly feasible. We were able to 
generate ≥15 vaccine doses per patient enrolled and pro-
ceed with treatment per protocol in 20/21. This is in marked 
contrast to other GBM vaccine platforms utilizing the bulk 
tumor antigen sources dependent upon fresh autologous 
tumor.7 Furthermore, the vaccine appears safe in combina-
tion with standard adjuvant therapy (TMZ) in newly diag-
nosed GBM patients. No DLTs were observed.

Interpreting clinical outcomes is challenging given the 
limitations of a small, non-randomized trial. Some pa-
tients had clear imaging and histological evidence of an 
inflammatory response (Figure 2). The overall clinical ben-
efit rate of 40% for this combination of TMZ and DC vac-
cine is substantial, though only randomized trials would 
be able to determine the contribution of the vaccine. 
Similarly, median PFS and OS of 9.7 and 19.0 months com-
pare favorably to historical median PFS and OS with radi-
ation and TMZ alone (6.9 and 14.6 months, respectively1). 
A progression-free survivor tail of 10% at 36 months also 
compares favorably to historical PFS of 0.3% at 36 months 
with radiation and TMZ alone.1 Subgroup analysis based 
on the presence or absence of MGMT promoter methyla-
tion showed a trend to prolonged survival in patients with 
MGMT promoter methylation both for median PFS (19.4 vs 
9.4 months) (Figure 3C) and OS (26.5 vs 16 months) (Figure 
3D), as expected. Again, these compare favorably to his-
torical PFS and OS rates in MGMT promoter methylated 
(10.3 and 21.7 months) and unmethylated patients (5.3 and 
12.7 months).23 Finally, our longest survivor (progression-
free at last follow-up 60.7 months) was MGMT promoter 
unmethylated and IDH wild type (ie, genetically unfavor-
able). Thus, while no definite conclusion about efficacy can 
be made based on this small, non-randomized study, clin-
ical outcomes are sufficiently promising to warrant further 
investigation.

The human GBM cell lines used as our antigen source 
for this vaccine express the GBM-associated antigen 
gp100.8 gp100 expression has been reported in between 
40% and 95% of GBM tumors but this is sometimes based 
on RNA expression alone and is clearly not universal.24,25 
While gp100 may or may not represent an important 
tumor-associated antigen within our vaccine for a given 
patient, its presence facilitates antigen-specific response 
testing after vaccination regardless. Enrollment in this 
study was initially limited to HLA-A0201+ individuals to 
allow antigen-specific response testing. gp100-specific 
CD8 T cells were increased post-vaccination compared 
with pre-vaccination or nonspecific controls (Figure 4A) 
and trended toward increase in patients with long PFS 
(>1 year; n = 3) compared to short PFS (≤1 year; n = 7) 
(Figure 4B). Immunophenotyping showed leukocyte 

recovery between enrollment and cycle 9, most marked 
for CD19+ B cells (Figure 4C and D). Importantly, treat-
ment was not associated with increased immunosup-
pressive regulatory T cells or myeloid-derived suppressor 
cells, nor did it result in increased “exhausted” (PD-1+) 
CD4 or CD8 T cells.

GBM patients in this study had significant pan-
leukopenia at baseline compared to HV (Figure 5). This 
is our most striking immunological finding and occurred 
without exogenous corticosteroids in 95%. It affected 
multiple leukocyte populations but was most marked for 
CD4+ T cells and CD19+ B cells. There was relative propor-
tional preservation of CD8+ T cells and NK cells and pro-
portional expansion of monocytic cells. This is in keeping 
with our prior studies showing the expansion of immu-
nosuppressive myeloid-derived suppressor cells in GBM 
patients’ blood.17,18 Baseline immunophenotyping fea-
tures associated with prolonged OS included increased 
activated (CD25+) CD4 T cells and proportion of CD4+/
CD127−/CD25lo regulatory T cells among total CD4 T cells. 
This suggests that patients with heightened baseline CD4 
activation ultimately had prolonged survival. In contrast, 
the hierarchical clustering of global immunophenotype 
of study patients at baseline compared to HV or other 
GBM patients did not predict PFS. However, patients who 
ultimately had prolonged PFS (>1 year) clustered signif-
icantly more frequently with HV by cycle 9 than patients 
with shorter PFS (86% vs 31%; P = .0191; Figure 5C). This 
illustrates immune “normalization” over the course of 
therapy. How much this reflects response to treatment 
vs stopping myelosuppressive TMZ is uncertain. Earlier 
work in both malignant and nonmalignant diseases sug-
gests that whole blood immunophenotyping has prog-
nostic potential.20–22 However, further validation in GBM 
awaits analysis of larger datasets.

In summary, combined adjuvant TMZ and mature au-
tologous DC/allogeneic tumor lysate vaccine treatment is 
feasible and safe in newly diagnosed GBM patients. It is 
associated with sufficiently promising PFS and OS com-
pared to historical controls to warrant further investiga-
tion, though no definitive conclusion regarding efficacy 
can be made based on this small, non-randomized study. 
GBM patients enrolled in this study after completing ra-
diation therapy with concurrent TMZ have marked leu-
kopenia compared to healthy donors, particularly for 
CD4+ T cells. Assessing clinical outcome in an appropri-
ately powered phase II study and determining safety 
and feasibility of combining this vaccine with additional 
immunotherapeuties such as immune checkpoint inhibi-
tors will be important next steps. Furthermore, it may be 
possible to optimize the allogeneic cell lines used as a 
source of tumor antigens for autologous DCs in this study 
in future trials by expanding our library of cGMP-grade 
human GBM cell lines and matching antigenic/genomic 
expression patterns to those seen in individual patient’s 
tumors.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
Advances online.
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recovery between enrollment and cycle 9, most marked 
for CD19+ B cells (Figure 4C and D). Importantly, treat-
ment was not associated with increased immunosup-
pressive regulatory T cells or myeloid-derived suppressor 
cells, nor did it result in increased “exhausted” (PD-1+) 
CD4 or CD8 T cells.

GBM patients in this study had significant pan-
leukopenia at baseline compared to HV (Figure 5). This 
is our most striking immunological finding and occurred 
without exogenous corticosteroids in 95%. It affected 
multiple leukocyte populations but was most marked for 
CD4+ T cells and CD19+ B cells. There was relative propor-
tional preservation of CD8+ T cells and NK cells and pro-
portional expansion of monocytic cells. This is in keeping 
with our prior studies showing the expansion of immu-
nosuppressive myeloid-derived suppressor cells in GBM 
patients’ blood.17,18 Baseline immunophenotyping fea-
tures associated with prolonged OS included increased 
activated (CD25+) CD4 T cells and proportion of CD4+/
CD127−/CD25lo regulatory T cells among total CD4 T cells. 
This suggests that patients with heightened baseline CD4 
activation ultimately had prolonged survival. In contrast, 
the hierarchical clustering of global immunophenotype 
of study patients at baseline compared to HV or other 
GBM patients did not predict PFS. However, patients who 
ultimately had prolonged PFS (>1 year) clustered signif-
icantly more frequently with HV by cycle 9 than patients 
with shorter PFS (86% vs 31%; P = .0191; Figure 5C). This 
illustrates immune “normalization” over the course of 
therapy. How much this reflects response to treatment 
vs stopping myelosuppressive TMZ is uncertain. Earlier 
work in both malignant and nonmalignant diseases sug-
gests that whole blood immunophenotyping has prog-
nostic potential.20–22 However, further validation in GBM 
awaits analysis of larger datasets.

In summary, combined adjuvant TMZ and mature au-
tologous DC/allogeneic tumor lysate vaccine treatment is 
feasible and safe in newly diagnosed GBM patients. It is 
associated with sufficiently promising PFS and OS com-
pared to historical controls to warrant further investiga-
tion, though no definitive conclusion regarding efficacy 
can be made based on this small, non-randomized study. 
GBM patients enrolled in this study after completing ra-
diation therapy with concurrent TMZ have marked leu-
kopenia compared to healthy donors, particularly for 
CD4+ T cells. Assessing clinical outcome in an appropri-
ately powered phase II study and determining safety 
and feasibility of combining this vaccine with additional 
immunotherapeuties such as immune checkpoint inhibi-
tors will be important next steps. Furthermore, it may be 
possible to optimize the allogeneic cell lines used as a 
source of tumor antigens for autologous DCs in this study 
in future trials by expanding our library of cGMP-grade 
human GBM cell lines and matching antigenic/genomic 
expression patterns to those seen in individual patient’s 
tumors.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
Advances online.
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