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Abstract
Glioblastoma multiforme (GBM), a highly malignant invasive brain tumor, is associated with poor prognosis and survival 
and lacks an effective cure. High expression of the human cytomegalovirus (HCMV) immediate early protein 1 (IE1) in GBM 
tissues is strongly associated with their malignant progression, presenting a novel target for therapeutic strategies. Here, the 
bioluminescence imaging technology revealed remarkable tumor shrinkage and improved survival rates in a mouse glioma 
model treated with HCMV IE1/IE1mut vaccine. In addition, immunofluorescence data demonstrated that the treated group 
exhibited significantly more and larger tertiary lymphoid structures (TLSs) than the untreated group. The presence of TLS 
was associated with enhanced T cell infiltration, and a large number of proliferating T cells were found in the treated group. 
Furthermore, the flow cytometry results showed that in the treatment group, cytotoxic T lymphocytes exhibited partial 
polarization toward effector memory T cells and were activated to play a lethal role in the peripheral immunological organs. 
Furthermore, a substantial proportion of B cells in the draining lymph nodes expressed CD40 and CD86. Surprisingly, quan-
titative polymerase chain reaction indicated that a high expression of cytokines, including chemokines in brain tumors and 
immune tissues, induced the differentiation, development, and chemokine migration of immune cells in the treated group. 
Our study data demonstrate that IE1 or IE1mut vaccination has a favorable effect in glioma mice models. This study holds 
substantial implications for identifying new and effective therapeutic targets within GBM.
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Introduction

In adults, glioblastomas, which are the most common pri-
mary brain tumors, remain uniformly lethal with a median 
survival of 12 months [1]. However, despite the availability 

of well-established approaches, the clinical benefits have 
been rather limited, and the life expectancy of GBM patients 
has only seen a marginal extension to approximately 15 
months. The current standard of care for glioma includes 
maximal resection followed by concurrent radiation and 
temozolomide (TMZ) chemotherapy within 30 days of sur-
gery [2], radiotherapy, and corticosteroid treatment; but all 
of these treatments have immunosuppressive effects. Novel 
immunotherapy strategies have shown considerable effec-
tiveness in clinical trials, but some flaws were also exposed 
during the treatment process. For instance, chimeric antigen 
receptor T cells (CAR-T), the most promising treatment, but 
evidence from a clinical trial on many solid tumors revealed 
that CAR T alone have insufficient antitumor activity [3]. 
Vaccination has been considered one of the most promis-
ing approaches to improving the outcomes of patients with 
glioblastoma [4]. In comparison to whole proteins and tumor 
lysates, recombinant proteins can be synthesized relatively 
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easily in large quantities at GMP grade and has low risks for 
antigen-induced anaphylaxis, and they are particularly suited 
for developing personalized tumor vaccines [5].

HCMV is one of the β-herpesviruses that cause severe 
illness and even death in organ transplant patients or immu-
nocompromised people [6]. Antiviral therapy and immu-
notherapy against HCMV have been shown to enhance the 
prognosis of GBM patients in clinical trials [7]. Moreover, 
HCMV IE1 has been identified in specimens obtained from 
glioma patients but not in brain areas of normal individuals 
[8], and numerous studies have revealed a strong correlation 
between glioma and HCMV IE1 [9, 10]. Hence, HCMV IE1 
has been proposed as a promising therapeutic target. Nev-
ertheless, Soroceanu et al. [9] found that IE1 can promote 
the malignant progression of glioma. Thus, to ensure vac-
cine safety, we further developed the IE1 mutated vaccine 
(IE1mut) to reduce its potential harmful effects on humans.

Tertiary lymphoid structures (TLSs), or ectopic lymphoid 
structures, are organized aggregates of immune cells and are 
formed in non-lymphoid tissues post-birth [11]. TLSs do 
not naturally occur under physiological conditions but are 
formed in a chronic inflammatory environment. Although 
the specific composition of TLSs varies, they share struc-
tural and functional characteristics with secondary lymphoid 
structures, such as lymph nodes, and contain B-cell follicles 
and germinal centers surrounded by a T-cell region [12]. 
Furthermore, various immune cell infiltrates associated 
with the development of adaptive immune responses are 
observed in regions involved in diverse chronic inflamma-
tory conditions, including B-cell areas containing dendritic 
cells (DCs), follicular dendritic cell germinal centers, and 
proliferating T cells. The same set of molecules, including 
lymphotoxin (LT)-α and LT-β [13], as well as the lymphoid 
chemokines Ccl19 and Ccl21, chemokine CXC ligand 13 
(Cxcl13), and tumor necrosis factor-alpha (TNF-α), play an 
essential role in TLS and lymph node formation [14]. In the 
context of cancer, TLS serves as an alternative site for lym-
phatic drainage and a site for antigen presentation and initial 
T-cell activation. Notably, the presence of TLS has been 
reported to be associated with a favorable prognosis and 
extended survival in solid tumors, such as lung, melanoma, 
prostate, bladder, and breast cancers [15]. However, TLS 
in gliomas has been rarely described so far. And GBM is a 
notoriously immunosuppressive (“cold”) tumor with T-cell 
exhaustion [16], as its number of  CD8+T cells is exception-
ally low and the remaining T cells exhibit an unresponsive 
status to antigen challenge [17]; reliving the immunosup-
pressive microenvironment is a great challenge for GBM.

In the present study, we successfully established a murine 
glioma model expressing HCMV IE1 and developed thera-
peutic glioma vaccine IE1and IE1mut. The results revealed 
that therapeutic vaccination with IE1 or IE1mut efficiently 
mobilized and stimulated immune cells in the peripheral 

immune organs and central nerves, thereby promoting the 
formation of TLS within the gliomas, in which IE1mut 
reduces IE1’s potential toxicity. Consequently, tumor regres-
sion was observed, which led to a considerable survival pro-
longation in the murine glioma model. Overall, our research 
provides a new and effective method for treating gliomas 
that holds promise for clinical applications, offering an addi-
tional treatment for glioma patients.

Materials and Methods

Animals

Six- to ten-week-old female C57BL/6J mice were purchased 
from SPF (Beijing) Biotechnology Co., Ltd. and raised in the 
SPF animal room of Qingdao University’s Medical Depart-
ment. All mice were housed and maintained under specific 
pathogen-free conditions at 23°C ± 2 °C on a 12-h day/night 
cycle and received an autoclaved standard diet and water 
ad libitum. All experimental procedures involving the mice 
followed the National Institutes of Health’s standards for the 
care and use of experimental animals. The study received 
approval from Qingdao University’s Animal Experiments 
Committee.

Cell Culture and Construction of IE1 Overexpression 
Cell Line

The GL261and GL261-Luc were purchased from the 
Shanghai icellbioscience Biotechnology Corporation. 
Both cell lines were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine 
serum (Gibco) and 1% penicillin-streptomycin at 37°C in 
a humidified incubator with 5%  CO2. For overexpression 
of the human cytomegalovirus IE1 protein, a lentiviral vec-
tor was synthesized and designed by Shanghai GeneChem 
Co., Ltd, and the fragment containing the full-length of IE1 
was introduced into the lentiviral vector by molecular biol-
ogy. The specific primers used for IE1 amplification were 
Forward Primer: GTT GGC CGA AGA ATC CCT CA; Reverse 
primer: TAT GCC GCA CCA TGT CCA CT. The vector enables 
the overexpression of the IE1 gene, direct transfection of 
GL261-Luc cells, and subsequent screening of positive cells 
using puromycin, resulting in the establishment of stable 
glioma cell lines with enhanced expression of IE1.

Protein Synthesis

IE1 and IE1-mut recombinant proteins were synthesized by 
GenScript Biotech Corporation, following their respective 
amino acid sequences. The expression of both recombi-
nant proteins was achieved using a prokaryotic expression 
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system, and subsequent purification was conducted using 
nickel columns, resulting in protein purity >75% as con-
firmed by SDS-PAGE analysis. Then, the recombinant pro-
teins were dissolved in 50 mM Tris-HCl, 500 mM NaCl, 10 
% Glycerol, and pH 8.0 and stored at −80 °C for long-term 
preservation.

Mouse Immunization

To assess the in vivo safety of IE1 and IE1mut, female wild-
type C57BL/6J mice (6–8 weeks old) were obtained from 
SPF (Beijing) Biotechnology Co. Ltd. Then, they were ran-
domly separated into three groups (n = 6 per group): PBS, 
IE1+AddaVax, IE1-mut+AddaVax groups. The test group 
received intramuscularly vaccine with 30 μg/mouse of each 
vaccine antigen. After the first immunization on day 0, the 
same amount of recombinant proteins were administered 
on days 14 and 28 [18]. On day 35, the mice were eutha-
nized, and blood and other organs were collected for further 
investigations.

Orthotopic Murine Glioma Models

Female C57BL/6J mice (SPF), aged 6 to 10 weeks, were 
used in our orthotopic glioma experiments as previously 
described [19]. To establish the syngeneic gliomas, we 
removed the hair of the anesthetized mouse’s head with an 
animal shaver, disinfected the scalp with iodophor, and fixed 
the mice on a mouse stereotaxic injector (RWD Life Science, 
CA). Then, the scalp was cut open, and the surface tissue 
was removed with medical  H2O2 to expose the skull surface. 
The holes were drilled on the skull surface with a hand-
held cranial drill according to the positioning described in 
previous study [20] (0.5 mm anterior, 2.1 mm lateral from 
bregma, and 3.2 mm deep from the bregma). Furthermore, 
using a micro-pump injector and a 5-μl Hamilton syringe 
equipped with a 33-gauge needle, 1 ×  105 GL261-Luc-IE1 
cells (2μL phosphate-buffered saline [PBS], Beijing Solar-
bio Science & Technology Co., Ltd.) were stereotactically 
injected into the right striatum for 4 min at a rate of 0.5 μL/
min. Following implantation, cells were allowed to settle 
for 5 min, and the needle was slowly withdrawn from the 
skull. The hole was then sealed with a sterile bone wax. 
On day 5 after the implantation, tumor burden was moni-
tored via luciferase imaging. Subsequently, the mice were 
randomly assigned to the treatment groups (IE1+AddaVax 
and IE1mut+AddaVax groups) based on tumor radiance, 
ensuring that the average tumor radiance in each group was 
approximately equivalent. When the animals showed prede-
termined features of neurologic deficits (failure to ambulate, 
weight loss >20% body mass, lethargy, hunched posture), 
they were sacrificed. In survival experiments, each group 
had six to eight mice. All experiments were repeated at least 

in thrice. At the experimental end-point (days 20–25), mice 
were killed by anesthetizing for cardiac perfusion with 30 
mL PBS and 20 mL 4% paraformaldehyde (PFA, Wuhan 
Servicebio Technology Co., Ltd). At the survival end-point, 
the mice were sacrificed by cervical dislocation.

In Vivo Vaccine Therapies

After the glioma mice were observed for tumor growth via 
luciferase imaging at 5 days after implantation, they were 
randomly divided into different treatment groups, and the 
average tumor radiance in each group was roughly equiva-
lent. On the 7th day after tumor-bearing, the upper limb 
muscles of mice in the different experimental groups were 
injected with different proteins plus adjuvant, with a final 
dose of 100 μl/mice. In contrast, mice in the control group 
were injected with the same volume of sterile PBS at the 
same volume site. Both the protein and adjuvant were 
diluted in sterile PBS. The mice received repeated doses on 
days 14 and 28 after tumor implantation.

Bioluminescence Imaging

For bioluminescence imaging (BLI) studies, luciferase activ-
ity was monitored using an IVIS Lumina II instrument (Per-
kin Elmer, USA). On 5 days, post-implantation of GL261-
Luc cells in the brain, mice were anesthetized and injected 
i.p. with 200 μL (Add the corresponding volume of 15 mg/
ml fluorescein working solution at a concentration of 10μl/g 
body weight) of the bioluminescent substrate D-luciferin, 
sodium salt (Yeasen Biotechnology Co., Ltd.). Images were 
obtained at 10–20 min after i.p. injection of D-luciferin. To 
photograph mice, the following criteria were used: medium 
binning and F/Stop:1, field of view D, and exposure time 
60 s. Results of in vivo imaging were analyzed using Living 
Image Software (Perkin Elmer).

Quantitative Real‑Time PCR

Total brain tumor or immune organs’ RNA was extracted 
by TRIzol reagent (Invitrogen, Carlsbad, CA) following 
the manufacturer’s instructions. The quantity and purity of 
RNA were analyzed using Bioanalyzer 2100 and the RNA 
6000 Nano LabChip Kit (Agilent, Folsom, CA). The cDNA 
was reverse transcribed with a reverse transcription kit 
(Nanjing Vazyme Biotech Co., Ltd.R212) according to the 
manufacturer’s instructions. and SYBR Green Fast qPCR 
Mix (Vazyme, Q321) was added for qPCR amplification. 
All primer sequences are shown in Table 1 Quantitative 
real-time experiments were performed in three independent 
experimental replicates, and the comparative Ct  (2^-ΔΔCt) 
method was used to measure the relative amount of target 
mRNA.
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SDS‑PAGE Analysis

The IE1 or IE1mut recombinant protein was thoroughly 
mixed with 5× loading buffer to ensure even distribution, 
followed by boiling in water for 10 min to denature the pro-
tein. Then 10% SDS-PAGE gel was prepared, and 10 μg of 
the denatured protein was loaded into each well. Electro-
phoresis was then performed, and after electrophoresis, IE1 
and IE1mut proteins were detected using Coomassie brilliant 
blue staining.

Isolation of Immune Cells from Spleen and Lymph 
Node

At 3–7 days after three immunizations, the mice were sac-
rificed via cervical dislocation, and their whole spleens and 
draining lymph nodes were aseptically collected. The tis-
sues were extracted under aseptic conditions, the coating 
was torn off, and the tissues were cut into small pieces with 
ophthalmic scissors. A nylon screen or cell filter screen was 
placed on the plate, and a small amount of PBS was added 
to ensure that the organ tissues and obtained cells remained 
in a liquid environment. The organ tissue was placed on the 
screen, and sterile tweezers were used to grind the organ 
tissue. The grinding force should be controlled as much as 
possible, and the screen should be kept suspended to avoid 
mass cell death caused by direct grinding on the bottom of 
the dish. After grinding, PBS was used to wash the screen. 
The cell suspension was collected and filtered through a 
70-μm sterile cell filter to obtain a single cell suspension (a 
red blood cell lysate buffer was used to remove the red blood 
cells from the spleen).

Flow Cytometry and FACS

Intracellular cytokine staining analysis was performed 
as described previously [21]. Antibodies specific for cell 
surface staining were used. The following antibodies were 

used: Pacific Blue™ anti-mouse CD3 Antibody (BioLe-
gend Cat. No. 100213), FITC anti-mouse CD4 Antibody 
(BioLegend Cat. No. 130308), Brilliant Violet 605 anti-
mouse CD4 (Biolegend, cat.100451), APC/Cyanine7 anti-
mouse CD8a Antibody (BioLegend Cat. No. 126620), PE/
Cyanine7 anti-mouse CD69 Antibody (BioLegend Cat. 
No. 104512), APC anti-mouse CD107a (LAMP-1) Anti-
body (BioLegend Cat. No. 121614), FITC anti-mouse 
CD11c Antibody (BioLegend Cat. No. 117305), APC 
anti-mouse/human CD11b Antibody (BioLegend Cat. 
No. 101211), Pacific Blue™ anti-mouse CD86 Anti-
body (BioLegend Cat. No. 105021), FITC anti-mouse 
CD19 Antibody (BioLegend Cat. No. 101505), PE anti-
mouse TNF-α Antibody (BioLegend Cat. No. 506305), 
and PE anti-mouse IFN-γ Antibody (BioLegend Cat. No. 
505807). All data were acquired by Beckman CytoFLEX 
(Beckman Coulter, Brea, CA, USA) and analyzed with 
Flow Jo V10.

H&E Staining

Brain tumor tissue samples were embedded in paraffin wax, 
cut into 3–5-μm tissue sections, stained with H&E according 
to the manufacturer’s instructions, and observed by a light 
microscope for brain tissue structure.

Immunofluorescent Staining of Mouse Sample

After cardiac perfusion of anesthetized mice, the brains were 
collected and fixed overnight in 4% paraformaldehyde fixa-
tive (PFA) followed by gradient dehydration in 15% and 30% 
sucrose solutions, respectively. Brain tissues were embed-
ded in paraffin and cut into 3–6-μm tissue sections. Paraffin 
sections were deparaffinized and hydrated through a series 
of xylene and ethanol gradient concentrations. They were 
then placed in water for 5 min, followed by antigen retrieval 
using a 0.01M pH6.0 citric acid repair solution for 10 min. 
Sections were blocked with a solution containing 5% bovine 

Table 1  The sequence of the primers for quantitative real-time PCR

Gene Forward primer, 5’-3’ Reverse primer, 5’-3’ Condition

GAPDH CCA GCA AGG ACA CTG AGC AA GCC CCT CCT GTT ATT ATG GGG Stage1:95°C, 30 s. Stage2:40 cycles 
of 95°C for 10 s, 60°C for 30 s. 
Stage3:95°Cfor 15 s, 60°C for 60 s, 
95°C for 15s.

Cxcl13 GGC CAC GGT ATT CTG GAA GC GGG CGT AAC TTG AAT CCG ATCTA 
Ccl19 ACC ACA CTA AGG GGC TAT CAG TTC TTC AGT CTT CGG ATG ATGC 
Ccl21 GCT GCA AGA GAA CTG AAC AGACA CGT GAA CCA CCC AGC TTG A
Lta GCA TCT TCT AAG CCC TGG GGG TGT CAT GTG GAG GAC CTG CTGTG 
Ltb GTT CAA CAG CTG CCA AAG GG CAT CCA AGC GCC TAT GAG GT
TNF-α CGC TCT TCT GTC TAC TGA ACT TCG G GTG GTT TGT GAG TGT GAG GGT CTG 
IFN-γ ATG AAC GCT ACA CAC TGC ATC CCA TCC TTT TGC CAG TTC CTC 
IL-12p40 CAT TGA ACT GGC GTT GGA AGCAC GGG CGG GTC TGG TTT GAT GATG 
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serum albumin (BSA) and 0.1% Triton X-100 for 30 min. 
Following blocking, the sections were incubated overnight 
at 4°C with the primary antibody of interest. The next day, 
the sections were washed with PBS, blocked for 15 min, 
and incubated with a secondary antibody at 1:500 for 60 
min at room temperature. After washing, the sections were 
treated with an anti-fluorescence attenuation blocker con-
taining DAPI for 10 min. Coverslips were added, and the 
images were observed using an Olympus Fluoview FV1200 
microscope, and the image were analyzed with ImageJ 
software (National Institutes of Health, Bethesda, MD). 
The information on primary resistance is as follows: CD3 
(1:50, cat. NB600-1441SS; NOVUS, Centennial, CO), CD4 
(1:200, cat. NBP1-19371SS; NOVUS, Centennial, CO), 
CD8 (1:100, cat. NBP1-49045SS; NOVUS, Centennial, 
CO), Ki67 (1:100, ABclonal, cat. A16919, Wuhan, China), 
CD107a (1:500, cat. GB114929, Servicebio, Wuhan, China), 
TNF-α (1:300, cat. GB11188, Servicebio, Wuhan, China), 
CD11c (1:200, cat. GB11059, Servicebio, Wuhan, China), 
and F4/80(10 μg/mL, cat.14-4801-82, Thermo Fisher).

Statistical Analysis

All statistical analysis was performed using GraphPad Prism 
8.0 (GraphPad, La Jolla, CA, USA). Kaplan–Meier curves 
were analyzed by using the log-rank test. Data are repre-
sented as means ± SEM and were analyzed by one-way 
ANOVA. p < 0.05 was accepted as statistically significant.

Results

Preparation of IE1 and IE1mut Recombinant Protein

HCMV IE1-72 kDa increased the flap endonuclease 
1(FEN1) stability, which causes human fibroblasts that were 
infected to grow more slowly with low production. Contra-
rily, the FEN1 binding-deficient mutations K223A, N237A, 
N285A, M296A, and R310A of IE1mut were incapable of 
increasing the FEN1 stability [22]. And mutation of K450 to 
arginine (K450R) results in loss of IE1-72 kDa SUMOyla-
tion [23]. For investigating of the impact of IE1 and IE1mut 
on cells, we employed lentiviral vectors to infect the mouse 
and human glioma cell lines, thereby establishing cell lines 
with IE1 and IE1mut overexpression. CCK-8, cell cycle, and 
transwell data revealed that IE1 boosted glioma migration, 
proliferation, and viability in both human and mouse glio-
mas (Supplementary Fig. 1). Based on the sequence of IE1 
protein, we used PyMOL to predict the 3D structure of the 
IE1mut protein after mutating the amino acid site (Fig. 1A). 
The IE1 and IE1mut recombinant proteins were purified via 
His-tag-based affinity purification. The molecular weight 

of these recombinant proteins was approximately 72 kDa 
(Fig. 1B).

To assess the safety of the developed IE1/IE1mut vac-
cines, mouse serum was collected at 7 days after three 
immunizations for biochemical analysis and potential tox-
icity evaluation in the heart, liver, and kidney. The biochemi-
cal parameters (AST, ALT, UA, CK, and LDH) of all groups 
were within the normal range, similar to those of the control 
(PBS) group, indicating that the protein had no obvious toxic 
and side effects on mice (Fig. 1C).

IE1 or IE1mut Protein Therapy Induces Tumor 
Regression and Prolongs Survival

To observe the therapeutic effect of IE1 or IE1 protein on 
tumor-bearing mice, we used a live imaging technology to 
observe the growth before protein injection and on the 7th 
day after each protein injection. Subsequently, treatment was 
initiated in tumor-bearing mice, and their survival was moni-
tored over time. At 7 days after the initial dose of protein 
immunization, no notable difference in the tumor growth 
was observed between the treated and control groups. Inter-
esting, on the 14th day, the tumor size of the tumor-bearing 
mice in the two treated groups was reduced compared with 
that in the control group. The difference became more pro-
nounced by the 28th day, with the mice in the experimen-
tal group exhibiting significantly smaller tumor than those 
in the control group (Fig. 2B, C). Regarding brain tumor 
volume, the experimental group exhibited significantly 
reduced tumor infiltration as compared to the control group 
(Fig. 2D). Moreover, as the brain tumors proliferated, the 
mice began to lose weight before dying (Fig. 2E). Compared 
with control group, both IE1- and IE1mut-treated groups 
demonstrated an improvement in the survival rate follow-
ing three doses of protein immunization (Fig. 2F). Overall, 
these findings suggest that IE1/IE1mut inhibits the growth 
of glioma tumors in glioma mouse models.

IE1 or IE1mut Enhanced TLS Formation in Murine 
Glioma Models

Immunosuppression of the tumor microenvironment is a 
major obstacle in achieving successful antitumor immunity. 
To investigate the effect of therapeutic inoculation of IE1 
and IE1mut proteins on the tumor microenvironment, these 
two were intramuscularly injected into orthotopic tumor-
bearing C57BL/6 mice with similar tumor sizes along with 
an equal volume of PBS. Hematoxylin-eosin (H&E) staining 
was performed on the brain slices of glioma-bearing mice, 
and clusters of lymphocytes were observed within the tumor 
(Fig. 3A). Immunofluorescence staining confirmed the pres-
ence of prominent B and T cells within these immune cell 
clusters, leading to TLS (Fig. 3D). TLS is a dense cluster of 
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 CD3+ T cells and  CD19+ B cells [11]. In the glioma model 
with IE1overexpression, the numbers and total surface area 
of TLS were significantly increased compared with those 
in the control (PBS) group (Fig. 3B, C). However, no such 
lymphocyte cluster-like structures were detected in the nor-
mal brains tissues (Fig. 3E). Interestingly, we observed that 
the degree of tumor infiltration was significantly lesser in the 
treated groups than in the control (PBS) group. To character-
ize the gene expression signatures associated with TLS [12, 
24], we extracted brain tumors from the protein-treated mice 
and extracted RNA from the collected tissues. Compared 
with the control (PBS) group, gene lymphotoxin β (Ltb), 
lymphotoxin α (Lta), C-X-C-motif chemokine ligand 13 
(Cxcl13), and C-C-motif chemokine ligand 19 (Ccl19), C-C-
motif chemokine ligand 21 (Ccl21) were highly expressed in 
the brains of mice in the treated group with a large number 

and area of TLS (Fig. 3F). Moreover, compared with those 
of control group, the number of dendritic cells and mac-
rophages infiltrating the brain tumors of mice treated with 
IE1 or IE1mut exhibited a significant increase (Fig. 3G). In 
addition, high levels of TNF-α and CD107a expression were 
found in tumor tissues of the treated group (Supplementary 
Fig. 2). Overall, IE1 or IE1mut protein treatment enhanced 
the formation of TLSs, featuring a well-developed B-cell 
core and T-cell domain.

IE1 or IE1mut Proteins Trigger the Aggregation 
and Activation of Peripheral Cytotoxic T 
Lymphocytes

To determine whether the IE1 or IE1mut treatment 
actives the T cells in peripheral the immune organs, 

Fig. 1  IE1 or IE1mut protein structure prediction and verification and 
toxicity detection to the body. A IE1 core structure diagram. Regions 
mutated to generate IE1mut are indicated in red. B IE1 and IE1mut 
protein were stained with Coomassie brilliant blue after SDS-PAGE. 
C Collect the serum of mice 7 days after three times of immunization 

to detect the biochemical indexes of mice including AST, ALT (liver 
function index), UA (renal function index), CK, LDH (heart function 
index). n=4–6 mice per group. There was no statistically significant 
difference between the groups. Bars: mean ± SEM. The one-way 
ANOVA was used to analyze statistical differences
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the expression of CD8, CD69, CD107a, CD44, CD62L, 
IFN-γ, and TNF-α were evaluated in the cervical drain-
ing lymph nodes and spleen on the 28th day of implan-
tation in tumor-bearing mice (Fig. 4F). To verify the 

differentiation and function of T cells, the proportion 
of T cells in  CD3+ cells was evaluated. The number of 
tumor-specific  CD8+ CTLs in the draining lymph nodes 
was higher than that in the control group (Fig.  4B); 

Fig. 2  Observation of curative effect of IE1 or IE1mut. A Immuno-
therapy regimen and bioluminescence imaging time point of glioma 
model mice. B Bioluminescence imaging of representative brain 
tumors of tumor-bearing mice at various time points after representa-
tive immunotherapy. C Changes in the bioluminescent intensity of 
tumors in the experimental group and the control group at each time 
point. D The volume brain tumors were quantified in each group after 

vaccine treatment. E Evaluation of body weight changes over time in 
the experimental group and the control group after tumor-bearing. F 
Kaplan–Meier survival curve of GL261tumor-bearing mice treated 
with IE1 or IE1mut; log-rank test. n=4–6 mice per group. Bars: mean 
± SEM. The one-way ANOVA was used to analyze statistical differ-
ences. *p < 0.05
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Fig. 3  IE1 or IE1mut promotes the formation of TLS in the brain 
tumor of the GBM model. A HE staining of brain tissue sections and 
the markers of lymphocyte clusters. Scale bar: 50 μm. D–E Repre-
sentative immunofluorescence staining of quantified  CD3+CD19+ 
cell clusters in the GL261-IE1 model. B–C Quantification of the 
number and areas  CD3+CD19+ clusters brain tumor. n=4–6 mice 
per group. Bars: mean ± SEM. F Gene expression of control group 

and treated group (n=6/group) in tumor tissue. arb. units = arbitrary 
units. G Brain tumor sections stained with immunofluorescence for 
F4/80+ macrophages or  CD11c+ dendritic cells (left). Quantification 
of F4/80+ macrophages or  CD11c+ dendritic cells (right): red, F4/80; 
green, CD11c; blue, DAPI. Scale bar: 50μm. Bars: mean ± SEM. The 
one-way ANOVA was used to analyze statistical differences. *p < 
0.05, **p < 0.01, ***p < 0.001
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moreover, the proportions of  CD69+CD8+ CTLs and 
 CD107a+CD8+ CTLs with toxic functions were increased 
(Fig. 4D). Additionally, among the  CD8+ T cells, the 

number of  CD44highCD62Llow TEM cells was approxi-
mately two times higher than that in the control group 
(Fig. 4C). Compared with the control group, the secretion 

Fig. 4  CTL activation after immunization with IE1 or IE1mut. A 
Seven days after 3 times immunization, lymphocytes were isolated to 
detect T cell activation by flow cytometry. B–E Detection of  CD8+ 
T cell activation and differentiation. F Statistical analysis for the 

proportion of activated and differentiated CTL cells. n=4–6 mice 
per group. Bars: mean ± SEM. The one-way ANOVA was used to 
analyze statistical differences. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p< 0.0001
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of the cytokines IFN-γ and TNF-α was enhanced in  CD8+ 
CTL cells (Fig. 4E). Enhanced CTL presence, functional 
activation, and TEM polarization were observed not only 
in the deep cervical draining lymph nodes, but also in 

the spleen (Supplementary Fig. 3). Taken together, these 
data strongly indicate that IE1/IE1mut treatment induces 
peripheral CTL activation and differentiation in the gli-
oma model.

Fig. 5  Infiltration and proliferation of  CD4+ and  CD8+ cells in brain 
tumors. A–B Immunofluorescence detection of  CD4+ or  CD8+ cells 
in brain tumor sections (left) and quantification of the number  CD8+ 
or  CD4+ cells in per field (right). C–D Immunofluorescence detection 
of  CD4+  Ki67+ or  CD8+  Ki67+ cells in brain tumor sections (left) 

and the ratio of  CD8+Ki67+ double-positive cells in  CD8+ cells or 
the ratio of  CD4+Ki67+ double-positive cells in  CD4+ cells in each 
field (right). n=4–6 mice per group. Bars: mean ± SEM. The one-
way ANOVA was used to analyze statistical differences. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p< 0.0001
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IE1 or IE1mut Proteins Stimulate the Proliferation 
of Intratumoral T Cells and Lead to Tumor 
Regression

Immune cell depletion represents is a significant contribu-
tor to treatment failure in solid tumors. To investigate the 
response of T cells during protein therapy, we examined the 
infiltration and proliferation of T cells in the tumor. Notably, 
after three protein immunizations, the IE1 and the IE1mut 
protein treatment groups showed a substantial increase in 
 CD8+ T cell infiltration in the tumor compared with the con-
trol group (Fig. 5A). In addition, the infiltration of  CD4+ T 
cells was also increased in these treatment groups (Fig. 5B). 
Nevertheless, the number of  CD8+ T cell infiltrated was 
higher than that of  CD4+ T cells infiltrated. Notably, within 
the  CD8+ T cell and  CD4+ T cell populations, there was a 
significant increase in the proportion of  Ki67+ T cells was 
also observed (Fig. 5C, D). In therapeutically vaccinated 
mice, no evidence of shrinkage in the spleen, deep cervi-
cal draining lymph nodes, or immunological organs such as 
the thymus was observed compared with the control group 
(Supplementary Fig.  4A–C). Generally, these findings 
demonstrated that the immune system of the mice receiving 
immunotherapy was stimulated by IE1/IE1mut treatment, 
resulting in a long-term antitumor impact.

IE1 or IE1mut Protein Induces Aggregation 
and Activation of B Cells

Prior research has demonstrated that T cell dependent anti-
tumor immune responses play a crucial role in inducing 
tumor regression [25]. Studies have shown that B cells are 
required for inducing brain tumor regression [26] and that 
TLS formation is required in the B cell compartment [27]. 
Considering the role of B cells in antitumor immunity, we 
examined the status of B cells in draining cervical lymph 
nodes by flow cytometry at seventh days after 3 times immu-
nization. Our data indicates that the proportion of B cells in 
treated groups were higher than that in the control (PBS) 
group (Fig. 6A). To explore the role of B cells in antitu-
mor immunity, we detected the immune markers on B cells 
and observed a that the antigen-presenting markers CD86 
and CD40 were highly expressed on the surface of B cells 
(Fig. 6B, C). However, since B cells mature in the bone 
marrow, we further investigated the B cells in the bone mar-
row; our results showed that a large number of B cells were 
present in the bone marrow (Fig. 6D). Simultaneously, we 
extracted RNA from the cervical lymph nodes to detect the 
expression of B cell-related genes. The expression of Ltb, 
Lta, and Cxcl13 was significantly increased in the treated 
group (Fig. 6E). Both the proportion and function of  CD19+ 

B cells in the treated groups further validated that the IE1/
IE1mut treatment induces B cell aggregation and activation.

Discussion

Previous evidence has demonstrated that all regions of the 
HCMV genome are present in a vast majority of GBM 
samples [28]. The HCMV IE1 protein is highly expressed 
(76.1%) in glioma tissues [29] and is strongly correlated 
with the development of aggressive gliomas. In the present 
study, we developed IE1 and IE1mut vaccine to treat glioma. 
Our study findings indicated that the IE1mut vaccine had the 
same immunotherapy effect as IE1 and also enhanced the 
formation of TLS in the brain and activated the peripheral 
immune response in the glioma model.

HCMV IE1 has been shown to stimulate robust and 
specific  CD4+ and  CD8+ T cell responses [30]. Neverthe-
less, IE1 in HCMV could enhance the stability of FEN1 
and promote the genomic DNA replication of HCMV, and 
posttranslational modification of IE1-72 kDa by conjuga-
tion to SUMO-1 occurs at a single acceptor site (K450), 
whereas HCMV of the IE1 mutant reduces the binding 
between IE1 and FEN1, inhibiting the ubiquitination of 
IE1and SUMOylation in infected cells, making it less effi-
cient at infecting cells; it also grows more slowly and is 
produced in lesser amounts in human fibroblasts [22, 31]. 
In a spontaneous glioma mouse model, Soroceanu et al. [9] 
demonstrated that the expression of the IE1 gene (UL123) 
specifically increased the Sox2 and Nestin levels in IE1-
positive tumors as well as upregulated stemness and pro-
liferation markers in vivo. Therefore, we suspected that the 
IE1 protein might be harmful to the body. In the in vitro 
established human and mouse glioma cells overexpressing 
IE1 or IE1mut, we found that the proliferation and migration 
ability of IE1mut-overexpressing group was indeed lower 
than that of IE1-overexpressing group (Supplementary 
Fig. 1). As a result, we mutated these amino acid positions as 
described to develop IE1mut based on the IE1 to remove the 
possible potential harm of the IE1 protein [22, 31]. Delight-
fully, the serum biochemical results also showed that either 
IE or IE1mut caused no considerable damage to the body 
(Fig. 1C), and IE1mut has the same effect as IE1 in terms 
of immunotherapy. Based on the strict species specificity 
of HCMV, to simulate HCMV infection of glioma patients 
and express the IE protein, we constructed a glioma cell line 
stably expressing the IE1 using lentiviral vectors and suc-
cessfully established orthotopic glioma models.

Recently, the discovery of TLS in solid tumors was 
proved has enhanced prognosis of tumor patients [15]. In 
glioma therapeutic studies, intratumoral generation of TLS 
was found to facilitate immunotherapy and induce tumor 
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Fig. 6  IE1 or IE1mut induces differentiation and function of B 
cells. A Proportion of  CD19+ cells in cervical draining lymph 
nodes (left) and quantification of the  CD19+ cells in cervical drain-
ing lymph nodes (right). B–C Proportion of  CD19+CD80+ and 
 CD19+CD40+cells in cervical draining lymph nodes (left) and quanti-
fication of proportion of  CD19+CD80+ and  CD19+CD40+cells in cer-
vical draining lymph nodes (right). D Proportion of  CD19+ cells in 

boon marrow (left) and quantification of proportion of  CD19+ cells in 
boon marrow (right). E Gene expression of control group and treated 
group in cervical draining lymph nodes. n=4–6 mice per group. arb. 
units = arbitrary units. Bars: mean ± SEM. The one-way ANOVA 
was used to analyze statistical differences. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p< 0.0001
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regression [32]. Moreover, the number and area size of TLS 
were positively correlated with the patients’ survival time. 
Consistent with their study, we used HE staining to identify 
the presence of a large number of lymphocyte clusters in 
the tumor and then characterized the TLS with  CD3+ and 
 CD19+, which was mostly formed in the tumor marginal 
area in the treated groups. However, no such structures were 
detected in the other half of the normal brain tissues. In the 
untreated control group, TLS was also present, but its num-
ber and area size were much lower than those of the treated 
group. In peripheral immune organs, LT-α/β is required for 
the development and function of stromal cells in the B-cell 
and T-cell compartments [24, 33]. Cxcl13, also known as 
B lymphocyte chemokine, selectively induces chemotaxis 
on B cells and exhibits its function by interacting with the 
chemokine receptor CXCR5 [34]. Immune and stromal cells 
can both produce Ccl19 and Ccl21, which may stimulate 
lymphocytes and aid in the TLS development [35]. In the 
present study, the expressions of Lta and Ltb were elevated 
following IE1 or IE1mut vaccination, and the expressions of 
Cxcl13, Ccl19, and Ccl21 were upregulated in tumors; these 
findings were consistent with the finding that it promotes 
T and B cells gathered and facilitates the creation of TLS. 
According to earlier studies, B cells from the bone marrow 
are drawn to the brain tumor’s microenvironment where they 
can gather antigens, transport them to the draining lymph 
nodes, and present them to T cells. These B cells are essen-
tial antigen-presenting cells (APCs) in the immune response 
[26]. In our study, a large number of B cells were detected 
in the draining cervical lymph nodes. Nicolas et al. [36] 
confirmed that B cells play an important role in the patho-
genesis of central nervous system autoimmunity independ-
ent of their humoral involvement and direct B–T interaction 
in vivo. Moreover, B cells are more efficient APCs when 
they recognize the same target Ag as the responding T cells. 
Consistent with our observations of an increased expression 
of CD40 and CD86 on the surface of B cells in cLNs, it 
is suggesting that B cells are activated. Moreover, we dis-
covered a high proportion of B cells in the bone marrow. 
Based on these findings, IE1 or IE1mut treatment induces 
the recruitment of B cells into the brain tumor microenvi-
ronment, serving as essential APCs in the immune response 
against brain tumors.

In the present study, neither IE1 nor IE1mut protein was 
found to cause parenchymal organ damage in mice, but they 
activated the MHC-II lysosomal pathway of antigen-spe-
cific CD4 T cells through TH1 response and drove antigens 
pass through the MHC-I pathway, leading to the activation 
of cytotoxic CD8 T cells and enhancing antitumor T cell 
responses [37]. However, immune cell depletion is a major 

feature of glioma patients with glioma, which is also a major 
reason for the failure of antitumor immunity. We observed 
that the thymus, deep cervical draining lymph nodes, spleen, 
and other immune organs of tumor-bearing animals were 
all smaller than those of control animals; this finding was 
consistent with that of previous studies [38]. Conversely, 
the immune systems of the mice in the treated group did not 
deteriorate and even grew stronger, suggesting that the IE1 
or IE1mut protein stimulates immune cell proliferation and 
differentiation in immune organs for a considerable amount 
of time after immunization. However, proliferating  CD8+ 
T-cell infiltration is associated with improved survival in 
patients with glioma [39]. Contrarily, we found a large num-
ber of infiltrating  CD8+ T cells in the brain tumors after 
immunization with the IE1 or IE1mut protein, and the pro-
portion of proliferating  CD8+Ki67+ T cells increased.  CD4+ 
T cells play an indispensable role in antitumor immunity. 
As helper cells, they can significantly enhance the efficacy 
of  CD8+ CTLs in killing tumor cells and promote their dif-
ferentiation into long-lived memory tumor-specific  CD8+ T 
cells [40]. Indeed, we found the presence of higher prolifera-
tive  CD4+Ki67+ T cells. It is well known that T-cell activa-
tion was essential for the antitumor function. And the CTL 
mainly through the degranulation or death receptor pathway 
expresses FasL and secretes TNF specifically to kill tumor 
cells. Interesting,  CD8+ cells were successfully activated and 
secreted to produce more IFN-γ and TNF-α than the control 
group. Apart from this, we noted that numerous  CD8+TEMs 
are present in the peripheral immunological tissue. Alto-
gether, the IE1 or IE1mut protein promoted T cell polariza-
tion, T-cell activation, and proliferation, ensuring robust and 
long-term antitumor activity and assisting in the prevention 
of recurring cancers. However, it needs to be stressed that 
due to the strict species specificity of HCMV, there are still 
certain differences between the overexpression of IE1 in the 
glioma model we established and the state of HCMV recur-
rence and expression of IE1 in glioma patients. Therefore, 
further therapeutic vaccination is needed in clinical patients 
to observe its clinical treatment effect.

In conclusion, our data suggest that the immunization 
with a therapeutic glioma vaccine targeting HCMV IE1 is 
a promising treatment option, and we developed IE1mut 
that reduces the potential harmful effects of IE1 and exhib-
its the same immune effects, promotes the formation of 
TLS and antitumor immune response, continuously kills 
tumor cells, leads to tumor regression, and extends the 
survival rate of the glioma model expressing HCMV IE1 
(Fig. 7). Our study data provide a new target for the clini-
cal treatment of glioma and offer relevant information for 
the current research on HCMV in glioma patients.



 Molecular Neurobiology

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12035- 024- 03937-8.

Author Contribution XY: Conceptualization; data curation; formal 
analysis; funding acquisition; investigation; methodology; project 
administration; resources; software; supervision; validation; visuali-
zation; writing, original draft; writing, review and editing. SJ: Formal 
analysis, investigation, methodology, writing—original draft. FL: Con-
ceptualization, software, writing—original draft. ZL: Investigation, 
project administration, software, supervision, validation, writing—
original draft. WL: Investigation, methodology, resources, validation, 
writing—review and editing. XZ: Conceptualization, data curation, 
methodology, software, validation, writing—review and editing. FN: 
Investigation, methodology, software, writing—original draft. JL: 
Investigation, methodology, resources, writing—review and editing. 
MY: Formal analysis, investigation, software, writing—review and 
editing. YW: Funding acquisition, project administration, resources, 
visualization, writing—review and editing. BW: Conceptualization; 
data curation; formal analysis; funding acquisition; investigation; 
methodology; project administration; resources; software; supervi-
sion; validation; visualization; writing, original draft; writing, review 
and editing.

Funding This research was supported by the National Key Research 
and Development Program of China (2018YFA0900802), Shandong 
Provincial Science and Technology Foundation (2019JZZY011009), 
Qingdao Municipal Science and Technology Foundation (20-2-
3-4-nsh), and Shandong Provincial Natural Science Foundation 
(ZR2021QH254).

Data Availability The original contributions presented in the study are 
included in the article/supplementary material. Further inquiries can 
be directed to the corresponding author.

Declarations 

Ethical Approval Animal experiments were performed according to the 
guidelines of the Animal Welfare and Research Ethics Committee of 
Qingdao University (No. 20221007C574820230615117).

Consent to Participate The manuscript does not contain data from any 
individual person.

Consent for Publication All authors approved publication.

Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Wen PY, Kesari S (2008) Malignant gliomas in adults. N Engl 
J Med 359(5):492–507

 2. Weller M, van den Bent M, Preusser M, Le Rhun E, Tonn JC, 
Minniti G et al (2021) EANO guidelines on the diagnosis and 
treatment of diffuse gliomas of adulthood. Nat Rev Clin Oncol 
18(3):170–186

 3. Dai H, Wang Y, Lu X, Han W (2016) Chimeric antigen recep-
tors modified T-Cells for cancer therapy. J Natl Cancer Inst 
108(7):djv439. https:// doi. org/ 10. 1093/ jnci/ djv439

 4. Lim M, Xia Y, Bettegowda C, Weller M (2018) Current state 
of immunotherapy for glioblastoma. Nat Rev Clin Oncol 
15(7):422–442

 5. Kumai T, Kobayashi H, Harabuchi Y, Celis E (2017) Peptide vac-
cines in cancer-old concept revisited. Curr Opin Immunol 45:1–7

 6. Griffiths P, Reeves M (2021) Pathogenesis of human cytomeg-
alovirus in the immunocompromised host. Nat Rev Microbiol 
19(12):759–773

 7. Stragliotto G, Pantalone MR, Rahbar A, Bartek J, Söderberg-
Naucler C (2020) Valganciclovir as add-on to standard therapy 
in glioblastoma patients. Clin Cancer Res 26(15):4031–4039

 8. Cobbs CS, Harkins L, Samanta M, Gillespie GY, Bharara S, King 
PH et al (2002) Human cytomegalovirus infection and expression 
in human malignant glioma. Cancer Res 62(12):3347–3350

 9. Soroceanu L, Matlaf L, Khan S, Akhavan A, Singer E, Bez-
rookove V et al (2015) Cytomegalovirus immediate-early pro-
teins promote stemness properties in glioblastoma. Cancer Res 
75(15):3065–3076

 10. Wen L, Wang XZ, Qiu Y, Zhou YP, Zhang QY, Cheng S et al 
(2023) SOX2 downregulation of PML increases HCMV 
gene expression and growth of glioma cells. PLoS Pathog 
19(4):e1011316

 11. Dieu-Nosjean MC, Goc J, Giraldo NA, Sautès-Fridman C, Frid-
man WH (2014) Tertiary lymphoid structures in cancer and 
beyond. Trends Immunol 35(11):571–580

 12. Munoz-Erazo L, Rhodes JL, Marion VC, Kemp RA (2020) Ter-
tiary lymphoid structures in cancer - considerations for patient 
prognosis. Cell Mol Immunol 17(6):570–575

 13. Matsumoto M, Lo SF, Carruthers CJ, Min J, Mariathasan S, 
Huang G et al (1996) Affinity maturation without germinal centres 
in lymphotoxin-alpha-deficient mice. Nature 382(6590):462–466

Fig. 7  Schematic diagram of IE1/IE1mut activating antitumor 
immune response to treat glioma

https://doi.org/10.1007/s12035-024-03937-8
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/jnci/djv439


Molecular Neurobiology 

 14. de Chaisemartin L, Goc J, Damotte D, Validire P, Magdeleinat 
P, Alifano M et al (2011) Characterization of chemokines and 
adhesion molecules associated with T cell presence in ter-
tiary lymphoid structures in human lung cancer. Cancer Res 
71(20):6391–6399

 15. Sautès-Fridman C, Petitprez F, Calderaro J, Fridman WH (2019) 
Tertiary lymphoid structures in the era of cancer immunotherapy. 
Nat Rev Cancer 19(6):307–325

 16. Zou W (2005) Immunosuppressive networks in the tumour 
environment and their therapeutic relevance. Nat Rev Cancer 
5(4):263–274

 17. Joyce JA, Fearon DT (2015) T cell exclusion, immune privilege, 
and the tumor microenvironment. Science 348(6230):74–80

 18. He C, Yang J, Hong W, Chen Z, Peng D, Lei H et al (2022) A self-
assembled trimeric protein vaccine induces protective immunity 
against Omicron variant. Nat Commun 13(1):5459

 19. Hasan MN, Luo L, Ding D, Song S, Bhuiyan MIH, Liu R et al 
(2021) Blocking NHE1 stimulates glioma tumor immunity 
by restoring OXPHOS function of myeloid cells. Theranostics 
11(3):1295–1309

 20. Guan X, Hasan MN, Begum G, Kohanbash G, Carney KE, Pigott 
VM et al (2018) Blockade of Na/H exchanger stimulates glioma 
tumor immunogenicity and enhances combinatorial TMZ and 
anti-PD-1 therapy. Cell Death Dis 9(10):1010

 21. Jiang S, Nan F, Zhang S, Zhang X, Li Z, Yu Z et  al (2023) 
CRM197-conjugated multi antigen dominant epitope for effective 
human cytomegalovirus vaccine development. Int J Biol Macro-
mol 224:79–93

 22. Schilling E-M, Scherer M, Rothemund F, Stamminger T (2021) 
Functional regulation of the structure-specific endonuclease FEN1 
by the human cytomegalovirus protein IE1 suggests a role for 
the re-initiation of stalled viral replication forks. PLoS Pathog 
17(3):e1009460

 23. Spengler ML, Kurapatwinski K, Black AR, Azizkhan-Clifford 
J (2002) SUMO-1 modification of human cytomegalovirus IE1/
IE72. J Virol 76(6):2990–2996

 24. Rennert PD, Browning JL, Mebius R, Mackay F, Hochman PS 
(1996) Surface lymphotoxin alpha/beta complex is required for 
the development of peripheral lymphoid organs. J Exp Med 
184(5):1999–2006

 25. Vom Berg J, Vrohlings M, Haller S, Haimovici A, Kulig P, Sledz-
inska A et al (2013) Intratumoral IL-12 combined with CTLA-4 
blockade elicits T cell-mediated glioma rejection. J Exp Med 
210(13):2803–2811

 26. Candolfi M, Curtin JF, Yagiz K, Assi H, Wibowo MK, Alzadeh 
GE et al (2011) B cells are critical to T-cell-mediated antitumor 
immunity induced by a combined immune-stimulatory/condition-
ally cytotoxic therapy for glioblastoma. Neoplasia 13(10):947–960

 27. van Hooren L, Vaccaro A, Ramachandran M, Vazaios K, Libard 
S, van de Walle T et al (2021) Agonistic CD40 therapy induces 
tertiary lymphoid structures but impairs responses to checkpoint 
blockade in glioma. Nat Commun 12(1):4127

 28. Ranganathan P, Clark PA, Kuo JS, Salamat MS, Kalejta RF 
(2012) Significant association of multiple human cytomegalovi-
rus genomic loci with glioblastoma multiforme samples. J Virol 
86(2):854–864

 29. Ding D, Han S, Wang Z, Guo Z, Wu A (2014) Does the existence 
of HCMV components predict poor prognosis in glioma? J Neuro-
Oncol 116(3):515–522

 30. Sylwester AW, Mitchell BL, Edgar JB, Taormina C, Pelte C, 
Ruchti F et al (2005) Broadly targeted human cytomegalovirus-
specific CD4+ and CD8+ T cells dominate the memory compart-
ments of exposed subjects. J Exp Med 202(5):673–685

 31. Nevels M, Brune W, Shenk T (2004) SUMOylation of the human 
cytomegalovirus 72-kilodalton IE1 protein facilitates expression 
of the 86-kilodalton IE2 protein and promotes viral replication. J 
Virol 78(14):7803–7812

 32. Ramachandran M, Vaccaro A, van de Walle T, Georganaki M, 
Lugano R, Vemuri K, Kourougkiaouri D, Vazaios K, Hedlund 
M, Tsaridou G, Uhrbom L, Pietilä I, Martikainen M, van Hooren 
L, Olsson Bontell T, Jakola AS, Yu D, Westermark B, Essand M, 
Dimberg A (2023) Tailoring vascular phenotype through AAV 
therapy promotes anti-tumor immunity in glioma. Cancer Cell 
41(6):1134–1151.e10. https:// doi. org/ 10. 1016/j. ccell. 2023. 04. 010

 33. Kratz A, Campos-Neto A, Hanson MS, Ruddle NH (1996) 
Chronic inflammation caused by lymphotoxin is lymphoid neo-
genesis. J Exp Med 183(4):1461–1472

 34. Wang B, Wang M, Ao D, Wei X (2022) CXCL13-CXCR5 axis: 
regulation in inflammatory diseases and cancer. Biochimica Et 
Biophysica Acta Reviews On Cancer 1877(5):188799

 35. Korbecki J, Grochans S, Gutowska I, Barczak K, Baranowska-
Bosiacka I. CC Chemokines in a tumor: a review of pro-cancer 
and anti-cancer properties of receptors CCR5, CCR6, CCR7, 
CCR8, CCR9, and CCR10 ligands. Int J Mol Sci 21(20):7619. 
https:// doi. org/ 10. 3390/ ijms2 12076 19

 36. Molnarfi N, Schulze-Topphoff U, Weber MS, Patarroyo JC, 
Prod'homme T, Varrin-Doyer M et  al (2013) MHC class II-
dependent B cell APC function is required for induction of CNS 
autoimmunity independent of myelin-specific antibodies. J Exp 
Med 210(13):2921–2937

 37. Kurts C, Robinson BW, Knolle PA (2010) Cross-priming in health 
and disease. Nat Rev Immunol 10(6):403–414

 38. Chongsathidkiet P, Jackson C, Koyama S, Loebel F, Cui X, Farber 
SH et al (2018) Sequestration of T cells in bone marrow in the 
setting of glioblastoma and other intracranial tumors. Nat Med 
24(9):1459–1468

 39. Mauldin IS, Jo J, Wages NA, Yogendran LV, Mahmutovic A, 
Young SJ, Lopes MB, Slingluff CL Jr, Erickson LD, Fadul CE 
(2021) Proliferating CD8+ T cell infiltrates are associated with 
improved survival in glioblastoma. Cells 10(12):3378. https:// doi. 
org/ 10. 3390/ cells 10123 378

 40. Kreiter S, Vormehr M, van de Roemer N, Diken M, Löwer M, 
Diekmann J et al (2015) Mutant MHC class II epitopes drive ther-
apeutic immune responses to cancer. Nature 520(7549):692–696

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.ccell.2023.04.010
https://doi.org/10.3390/ijms21207619
https://doi.org/10.3390/cells10123378
https://doi.org/10.3390/cells10123378

	HCMV IE1IE1mut Therapeutic Vaccine Induces Tumor Regression via Intratumoral Tertiary Lymphoid Structure Formation and Peripheral Immunity Activation in Glioblastoma Multiforme
	Abstract
	Introduction
	Materials and Methods
	Animals
	Cell Culture and Construction of IE1 Overexpression Cell Line
	Protein Synthesis
	Mouse Immunization
	Orthotopic Murine Glioma Models
	In Vivo Vaccine Therapies
	Bioluminescence Imaging
	Quantitative Real-Time PCR
	SDS-PAGE Analysis
	Isolation of Immune Cells from Spleen and Lymph Node
	Flow Cytometry and FACS
	H&E Staining
	Immunofluorescent Staining of Mouse Sample
	Statistical Analysis

	Results
	Preparation of IE1 and IE1mut Recombinant Protein
	IE1 or IE1mut Protein Therapy Induces Tumor Regression and Prolongs Survival
	IE1 or IE1mut Enhanced TLS Formation in Murine Glioma Models
	IE1 or IE1mut Proteins Trigger the Aggregation and Activation of Peripheral Cytotoxic T Lymphocytes
	IE1 or IE1mut Proteins Stimulate the Proliferation of Intratumoral T Cells and Lead to Tumor Regression
	IE1 or IE1mut Protein Induces Aggregation and Activation of B Cells

	Discussion
	References


