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Extended Data Fig. 1| CONSORT diagram of the trial.
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Extended Data Fig. 2| Kaplan Meier plot of PFS and OS since the time of original diagnosis.

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-025-00998-z

>

Survival probabilty

00

Tumar Grade = Grade J =+ Grade 4

p=0083

o

Survival probability

Number at risk

WHO Grade N # Failed

3 18
4 22

C

12 18 24
PFS (Manths) frem TMZ Day 1

Median PFS in Months (95% ClI)

17 3.3 (2.5,4.7)
21 2.2(1.4,2.7)
Sex =+ Female =+ Male

04

Tumar Grade == Grade ] == Grade d

p=02

1] i 12 18 24 an 36
OS (Menths) from TMZ Day 1

MNumber at risk

WHO Grade N #Failed Median OS in Months (95% CI)

3
4

O

18 14 6.5(5.1,19.2)
22 21 5(2.8,8.6)
Sex =+ Female =+ Male

10
p=0.12 10
p=0.21
08
2z 08
3 z
g oo £
i 3 06
g s
2 o4 2
g 2 04
3 :
02 «n
02
00 —
0 2 18 24 30 3 00
PFS (Months) from TMZ Day 1 0 6 12 18 24 30 36
Number at risk OS (Months) from TMZ Day 1
Number at risk
Sex N # Failed Median PFS in Months (95% CI) Sex N # Failed Median OS in Months (95% CI)
Female 19 18 2.7 (1.7,5.2) Female 19 18 6.7 (4.6, 12.6)
Male 23 22 2.5(1.2,2.8) Male 23 19 5.5(2.8,7.9)
E On-study Bevacizumab < No = Yes F F On-study Bevacizumab < No == Yes
10
" p=032 p=075
08 08
E 06 g 06
£
] 204
% 04 E
@ 7]
02 02
00 o 00
0 6 12 18 24 30 36 0 6 12 18 24 30 36

Number at risk

Y

On-study Bevacizuma N # Failed Median PFS in Months (95% CI)
16
26

No
Yes

PFS (Months) from TMZ Day 1

15 2 (0.6, 3.4)
25 2.6 (2.3, 4.1)

No
Yes

OS (Months) from TMZ Day 1
Number at risk

On-study Bevacizuma N # Failed Median OS in Months (95% CI)

16
26

13 5.5(1.7,9)
24 6.5 (3.4, 8.6)

Extended DataFig. 3| Kaplan Meier plots of all patients by tumor grade, sex, and bevacizumab use. Kaplan Meier plots of PFS (left column) and OS (right column)
by WHO Grade (a, b), sex (c, d), and on-study bevacizumab use (e, f). A two-sided log-rank test was used to generate the p values. P values were not adjusted for mutliple

comparisons.
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Extended Data Fig. 4| Kaplan Meier plots of HLA-A2 positive patients by CMV serological status. Kaplan Meier plots of PFS (a) and OS (b) of HLA-A2 positive
patients by CMV serological status. A two-sided log-rank test was used to generate the p values. P values were not adjusted for multiple comparisons.
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Extended DataFig. 5| Line graphs of lymphocytes before and after % lymphocytes (A, P =0.72) and 0.1 (95% CI1-0.05, 0.25) estimated change of
temozolomide and regulatory T cells (Tregs) over time. Line graphs of % absolute lymphocytes (B, P = 0.72). From baseline to Vaccine 4, there was a-0.49
lymphoctes (a) and absolute lymphoctes (b) before and after temozolomide as (95% C1-3.49, 2.44) estimated changed of % Tregs (C, P = 0.8) and a 0.31(-0.001,
well as % Tregs (c) and absolute number of Tregs (d) over time by patient. From 0.62) change of absolute Tregs (D, P = 0.52). A 2-sided Wilcoxon Signed-rank Test
baseline to Day 20, there was a —0.55% (95% CI1-3.5%, 2.35%) estimated change was used for these analyses.

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-025-00998-z

Extended DataFig. 6 | Forest plots of pretreatment immune cell subtypes
and their association with survival. Forest plots of pretreatment immune
cell subtypes and their association with PFS (top panel) and OS (bottom panel).
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Extended Data Fig. 7 | Dot plots of CDS8 counts over time and OS. Dot plots at baseline at at vaccine #4 for all patients (a, n = 21), only CMV positive patients (b, n =11),
and only CMV negative patients (c, n = 10) does not demonstrate significant correlation by Pearson’s R between CD8 + T cells and OS. P values are two-sided.
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Extended Data Fig. 9 | Polyfunctional T cell results of select patients. Pie graphs of demonstrating T cell polyfunctionality based on INF-y, TNF-a, and IL-2 phenotype.
Increasing number of vaccines corresponded with increasing polyfunctionality. Td Pre =baseline, V = vaccine number.
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Replication Given the limits on amount of blood obtained for patients, replication of immune analyses was not feasible. However, appropriate positive
and negative controls were used.

Randomization  This was a single-arm Phase 1 trial. Patients were not randomized.

Blinding This was an unblinded, open-label trial.

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.

>
Q
]
(e
(D
1®)
(@)
=
S
c
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




Materials & experimental systems Methods

>
n/a | Involved in the study n/a | Involved in the study gr
[ 1|X Antibodies X[ ] chip-seq D)
©
|:| Eukaryotic cell lines |:| IZ Flow cytometry o
—
IZ D Palaeontology and archaeology D MRI-based neuroimaging Ei‘
|:| Animals and other organisms o
] Clinical data =
IZ D Dual use research of concern _8
X |:| Plants %r
(@]
w
C
Antibodies =
Antibodies used CD3-APC-H7 (SK7) (BD Bioscience, San Jose, CA; Cat.# 565119; 1:178 dilution) 3
CD4-BUV395 (SK3) (BD Bioscience, San Jose, CA; Cat.# 563550; 1:178 dilution)
CD8-V500 (SK1) (BD Bioscience, San Jose, CA; Cat.# 561618; 1:60 dilution)
CD197-PE-Dazzle 594 (GO43H7)(Biolegend, San Diego, CA; Cat.# 353236; 1:60 dilution)
CD45RA-Alexa Fluor 700 (HI100) (BD Bioscience, San Jose, CA, Cat.# 560673; 1:526 dilution)
CD279-BV650 (EH12.2H7) (BD Bioscience, San Jose, CA; Cat.# 564104; 1:60 dilution)
CD223-BV421 (T47-530) (BD Bioscience, San Jose, CA; Cat.# 565720; 1:526 dilution)
CD366-BB515 (7D3) (BD Bioscience, San Jose, CA; Cat.# 565568; 1:1666 dilution)
CD25-APC (M-A251) (BD Bioscience, San Jose, CA; Cat.# 555434; 1:20 dilution)
CD69-BV785 (FN50) (Biolegend, San Diego, CA; Cat.# 310932; 1:178)
CTLA-4-PE-Cy7 (BNI3) (BD Bioscience, San Jose, CA; Cat.# 567341; 1:60)
CD16-BUV805 (3G8) (BD Bioscience, San Jose, CA; Cat.# 748850; 1:178 dilution)
CD56-BV605 (NCAM16.2) (BD Bioscience, San Jose, CA; Cat.# 562780; 1:178 dilution).
FoxP3-PE (PCH101) (eBioscience, San Diego, CA; Cat.# 12-4776-42; 1:178 dilution)
Ki67-BV711 (Ki-67) (Biolegend, San Diego, CA; Cat.# 350516; 1:178 dilution)
HLA-A2-APC (BB7.2) (Biolegend, San Diego, CA; Cat.# 343308; 1:178 dilution)
DR3-PE (JD3) (Biolegend, San Diego, CA; Cat.# 307106; 1:178 dilution)
Validation Validation of all primary antibodies was performed by the manufacturers for species and application. This data is available on

manufacturer's websites. An example reference for antibodies is below.

CD3-APC-H7 (SK7) (BD Bioscience, San Jose, CA; Cat.# 565119; 1:178 dilution), APC-R700 Mouse Anti-Human CD3

1. Beverley PC, Callard RE. Distinctive functional characteristics of human "T" lymphocytes defined by E rosetting or a monoclonal
anti-T cell antibody. Eur J Immunol. 1981; 11(4):329-334. (Immunogen: Flow cytometry, Fluorescence activated cell sorting).
CD4-BUV395 (SK3) (BD Bioscience, San Jose, CA; Cat.# 563550; 1:178 dilution),

BUV395 Mouse Anti-Human CD4

1. Bernard A, Boumsell L, Hill C. Joint report of the first international workshop on human leucocyte differentiation antigens by the
investigators of the participating laboratories. In: Bernard A, Boumsell L, Dausset J, Milstein C, Schlossman SF, ed. Leucocyte Typing.
New York, NY: Springer-Verlag; 1984:9-108.

CD8-V500 (SK1) (BD Bioscience, San Jose, CA; Cat.# 561618; 1:60 dilution),

V500 Mouse Anti-Human CD8

1. Bahjat K. The Antibody Cross-Reactivity Resource. Available: www.keithbahjat.com/abcxr/ 2005.

CD197-PE-Dazzle 594 (GO43H7)(Biolegend, San Diego, CA; Cat.# 353236; 1:60 dilution),

PE/Dazzle 594 anti-human CD197 CCR7 Antibody anti-CD197 - GO43H7

1. Argtiello RJ, et al. 2020. Cell Metab. 32:1063.

CD45RA-Alexa Fluor 700 (H1100) (BD Bioscience, San Jose, CA, Cat.# 560673; 1:526 dilution),

Alexa Fluor® 700 Mouse Anti-Human CD45RA

1. Barclay NA, Brown MH, Birkeland ML, et al, ed. The Leukocyte Antigen FactsBook. San Diego, CA: Academic Press; 1997.
CD279-BV650 (EH12.2H7) (BD Bioscience, San Jose, CA; Cat.# 564104; 1:60 dilution),

BV650 Mouse Anti-Human CD279 (PD-1)

1. Bennett F, Luxenberg D, Ling V, et al. Program death-1 engagement upon TCR activation has distinct effects on costimulation and
cytokine-driven proliferation: attenuation of ICOS, IL-4, and IL-21, but not CD28, IL-7, and IL-15 responses. J Immunol. 2003;
170(2):711-718. (Biology).

CD223-BV421 (T47-530) (BD Bioscience, San Jose, CA; Cat.# 565720; 1:526 dilution

BV421 Mouse Anti-Human LAG-3 (CD223)

1. Casati C, Camisaschi C, Novellino L, et al. Human lymphocyte activation gene-3 molecules expressed by activated T cells deliver
costimulation signal for dendritic cell activation. J Immunol. 2008; 180(6):3782-3788. (Biology).

CD366-BB515 (7D3) (BD Bioscience, San Jose, CA; Cat.# 565568; 1:1666 dilution),

BB515 Mouse Anti-Human TIM-3 (CD366)

1. Domenig C, Zheng XX, Sabatos CA, et al. Tim-3 inhibits T helper type 1-mediated auto- and alloimmune responses and promotes
immunological tolerance. Nat Immunol. 2003; 4(11):1093-1101. (Biology).

CD25-APC (M-A251) (BD Bioscience, San Jose, CA; Cat.# 555434; 1:20 dilution),

APC Mouse Anti-Human CD25

1. Knapp W. W. Knapp .. et al., ed. Leucocyte typing IV : white cell differentiation antigens. Oxford New York: Oxford University Press;
1989:1-1182.

CD69-BV785 (FN50) (Biolegend, San Diego, CA; Cat.# 310932; 1:178),

Brilliant Violet 785 anti-human CD69 Antibody anti-CD69 - FN50

1. Cox MJ, et al. 2022. Leukemia. 36:1635.

CTLA-4-PE-Cy7 (BNI3) (BD Bioscience, San Jose, CA; Cat.# 567341; 1:60),
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PE-Cy7 Mouse Anti-Human CD152

1. Cabezon R, Sintes J, Llinas L, Benitez-Ribas D. Analysis of HLDA9 mAbs on plasmacytoid dendritic cell. Immunol Lett. 2011;
134(2):167-173. (Clone-specific: Flow cytometry).

CD16-BUV80S (3G8) (BD Bioscience, San Jose, CA; Cat.# 748850; 1:178 dilution),

BUV805 Mouse Anti-Human CD16

1. Fleit HB, Wright SD, Durie CJ, Valinsky JE, Unkeless JC. Ontogeny of Fc receptors and complement receptor (CR3) during human
myeloid differentiation. J Clin Invest. 1984; 73(2):516-525. (Clone-specific: Flow cytometry, Fluorescence microscopy,
Immunofluorescence, Immunoprecipitation, Radioimmunoassay).

and CD56-BV605 (NCAM16.2) (BD Bioscience, San Jose, CA; Cat.# 562780; 1:178 dilution).

BV605 Mouse Anti-Human CD56

1. Bennett IM, Zatsepina O, Zamai L, Azzoni L, Mikheeva T, Perussia B. Definition of a natural killer NKR-P1A+/CD56-/CD16-
functionally immature human NK cell subset that differentiates in vitro in the presence of interleukin 12. J Exp Med. 1996;
184(5):1845-1856. (Biology).

FoxP3-PE (PCH101) (eBioscience, San Diego, CA; Cat.# 12-4776-42; 1:178 dilution),

FOXP3 Monoclonal Antibody (PCH101), PE (12-4776-42)

Glycolysis controls the induction of human regulatory T cells by modulating the expression of FOXP3 exon 2 splicing variants.
Authors De Rosa V,Galgani M,Porcellini A,Colamatteo A,Santopaolo M,Zuchegna C,Romano A,De Simone S,Procaccini C,La Rocca
C,Carrieri PB,Maniscalco GT,Salvetti M,Buscarinu MC,Franzese A,Mozzillo E,La Cava A,Matarese G

Ki67-BV711 (Ki-67) (Biolegend, San Diego, CA; Cat.# 350516; 1:178 dilution).

Brilliant Violet 711 anti-human Ki-67 Antibody anti-Ki-67 - Ki-67

1. Gerdes J, et al. 1983. Int. J. Cancer 31:13.

HLA-A2-APC (BB7.2) (Biolegend, San Diego, CA; Cat.# 343308; 1:178 dilution)

APC anti-human HLA-A2 Antibody anti-HLA-A2 - BB7.2

1. Brodsky FM, et al. 1979. Immunol. Rev. 47:3.

DR3-PE (JD3) (Biolegend, San Diego, CA; Cat.# 307106; 1:178 dilution).

PE anti-human DR3 TRAMP Antibody anti-DR3 - JD3

1. Nakayama M, et al. 2002. J. Immunol. 168:734.

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

Qutcomes

NCT03299309
The study protocol is included in Supplementary Information.
All data was collected at Duke University from 6/29/2018-4/19/2024.

The primary objective of this prospective clinical trial was to evaluate the safety of PEP-CMV in patients with recurrent
medulloblastoma and Grade 3/4 glioma. The primary endpoint was the proportion of patients with unacceptable

toxicity. Unacceptable toxicities were assessed as any life-threatening toxicity by the Common Terminology Criteria for Adverse
Events (CTCAE v4.0) > Grade 3 that was possibly, probably, or definitely related to the PEP CMV vaccine.

The secondary objective was to quantitate the immune response to the PEP-CMV vaccine. The secondary endpoing was the Mean or
median change from baseline at each follow-up assessment in ELISPOT (IFN-y) This was assessed as the change between baseline and
each follow-up assessment number of T cells that secrete IFNy by ELISpot in response to pp65.

Exploratory objectives included the following: to describe PFS and OS, to estimate radiographic responses, to determine the quality
of the immune response single cell cytokine analysis, and to evaluate changes in Treg levels with vaccination.
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Plants

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

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

Authentication Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots

Confirm that:
g The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

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).
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 PBMCs were thawed and rested overnight in R-10 media in a 37 °C / 5% CO2 incubator.
The following day, the PBMCs were counted, and adjusted to stain 106 cells prior to staining for
broad immune phenotyping

Instrument Samples were acquired on BD LSRFortessa (BD Bioscience, San Jose, CA)

Software FlowJo (TreeStar, Ashland, OR)

Cell population abundance CD8+ and CD4+ T cells were enriched using the Miltenyi Microbeads. The cells were counted, but no purity checks were
done after isolation.

Gating strategy This information is provided as Supplementary Figure 8.

Stable events based on flow rate on the time scale were gated to exclude unstable event anomalies. Singlets and
live cells were then gated. Next, lymphocytes were gated based on forward scatter (FSC) and side scatter

(SSC). CD3 expression amongst live lymphocytes were evaluated and gated on CD3- cells to exclude T cells

and NKT cell populations. CD3- cell population was further analyzed using CD16 and CD56 expression.
CD56bright cells were defined by high expression levels of both CD16 and CD56 within the NK cell

population. All 5 subpopulations of NK cells were further analyzed.

|Z| 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 Routine MRI with and without gadolinium-based contrast was performed prior to enrollment at screening, every 4
weeks until progression, and at progression.

Design specifications Assessment of images was used using iRANO criteria (Okada H, Weller M, Huang R, et al. Immunotherapy response
assessment in neuro-oncology: a report of the RANO working group. Lancet Oncol 2015; 16(15): e534-e42.)

Behavioral performance measures Behavioral performance was not measured in this trial.




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

Anatomic, perfusion was obtained in some patients but not required. Given the limited number of patients who
received perfusion MRI, it was not analyzed for this study.

1.5and 3T

T2 MRI: TSE, FOV Read 240mm, base resolution 320, slice thickness 4mm, orientation transversal, flip angle 150 deg, TR
3000ms, TE 103ms

T1 + C MRI: FOV Read 240 mm, base resolution 320, slice thickness 4mm, orientation transversal, flip angle1 75 deg, flip
angle 2 160 deg, TR 500ms, TE 6.4 ms

Whole brain scan was obtained.

Not used

Preprocessing software was not used.
Normalization was not used.
Normalization was not used.

Noise and artifact removal was not used.

Volume censoring was not used.

Statistical modeling & inference

Model type and settings

Effect(s) tested

No statistical MRl was completed for this trial.

No effects were tested for this trial.

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

Statistic type for inference

(See Eklund et al. 2016)
Correction

Models & analysis

n/a | Involved in the study

No statistics were performed on the MRls for this trial.

No statistical corrections were made on the MRiIs for this trial.

IZ |:| Functional and/or effective connectivity

|Z| |:| Graph analysis

IZ |:| Multivariate modeling or predictive analysis
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