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ABSTRACT
The time-sequential change in immune-related gene expression of the glioblastoma cell line after
irradiation was evaluated to speculate the effect of combined immunotherapy with radiotherapy.
The U373 MG glioblastoma cell line was irradiated with 6 Gy single dose. Next-generation
sequencing (NGS) transcriptome data was generated before irradiation (control), and at 6, 24,
and 48 h post-irradiation. Immune-related pathways were analyzed at each time period. The
same analyses were also performed for A549 lung cancer and U87 MG glioblastoma cell lines.
Western blotting confirmed the programmed death-ligand 1 (PD-L1) expression levels over
time. In the U373 MG cell line, neutrophil-mediated immunity, type I interferon signaling,
antigen cross-presentation to T cell, and interferon-γ signals began to increase significantly at
24 h and were upregulated until 48 h after irradiation. The results were similar to those of the
A549 and U87 MG cell lines. Without T cell infiltration, PD-L1 did not increase even with
upregulated interferon-γ signaling in cancer cells. In conclusions, in the glioblastoma cell line,
immune-related signals were significantly upregulated at 24 and 48 h after irradiation.
Therefore, the time interval between daily radiotherapy might not be enough to expect full
immune responses by combined immune checkpoint inhibitors and newly infiltrating immune
cells after irradiation.
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Background

Recently, both phase III studies of nivolumab, an
immune checkpoint inhibitor of programmed death-1
(PD-1) plus radiotherapy in newly diagnosed glioblas-
toma (CheckMate-548 (NCT02667587) and -498
(NCT02617589)) failed to meet the primary endpoint
(Weller and Le Rhun 2019). In these trials, patients
received nivolumab every two weeks in addition to
radiotherapy, and then every four weeks. On the other
hand, recent studies reported that neoadjuvant nivolu-
mab two weeks before surgery in recurrent glioblastoma
was successful, although the sample size was small
(Cloughesy et al. 2019). Therefore, well-designed clinical
trials of immunotherapy may improve survival even in
newly diagnosed glioblastoma.

Radiotherapy in glioblastoma is an indispensable
treatment. The gold standard of treatment for newly
diagnosed glioblastoma is gross total resection fol-
lowed by standard brain radiotherapy with concurrent
and adjuvant temozolomide. The recommended radi-
ation dose is 60 Gy in 30 fractions of 2.0 Gy 5 days
per week (Stupp et al. 2005). Immunotherapy has
been a promising strategy after successful trials in
several cancer types. Among them, immune checkpoint
inhibitors targeting PD-1/programmed death ligand-1
(PD-L1) and cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) has been widely tested and
approved as treatment options for solid organ
cancers such as non-small cell lung cancer, renal cell
carcinoma, and melanoma (Wolchok et al. 2013;
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Motzer et al. 2015; Antonia et al. 2017). Since glioblas-
toma is one of the most aggressive and incurable dis-
eases (Tulip et al. 2021), immunotherapy studies for
glioblastoma have been extensively conducted. Until
now, however, no immunotherapy has been approved
by the FDA for glioblastoma (McGranahan et al. 2019).
Unlike radiotherapy, immunotherapy for glioblastoma
is still in the investigation phase.

Radiation generates tumor antigens by killing
tumor cells (Wang et al. 2018). After innate immune
activation by neutrophils, antigen-presenting cells
absorb tumor-derived DNA to activate the STING
pathway. This pathway produces type I interferons,
resulting in the recruitment and activation of dendritic
cells (Burnette et al. 2011). Cross-presentation of
tumor antigen to naïve CD8+ T cells is carried out by
the dendritic cells. In addition, radiation-induced inter-
feron-γ upregulates the class I major-histocompatibil-
ity-complex (MHC) expression, allowing T cells to
recognize tumor cell targets and infiltrate into
tumors (Lugade et al. 2008; Shao et al. 2017). Inter-
feron-γ is also secreted from these recruited T cells
to inhibit the tumor cell cycle. If the tumor is not elimi-
nated, cancer cells upregulate PD-L1 by interferon-γ
from T cells and the infiltrating T cells become dys-
functional (Trujillo et al. 2018). Anti-PD-(L)1 therapy
reactivates these infiltrating T cells to kill cancer cells
(Deng et al. 2014). Therefore, radiotherapy eventually
increases tumor antigen, type I interferon, interferon-
γ, and PD-L1 in tumor cells.

Radiation to the tumor target field directly kills not
only tumor cells but also infiltrating immune cells
(Schaue and McBride 2012). Therefore, it may take time
to recruit new immune cells to the tumor tissue by radi-
ation-induced signaling. It is not well studied how long
time will be needed for the optimal effects on immu-
notherapy by infiltrating immune cells.

Also, several studies reported that the loss of inter-
feron-γ and antigen-presenting pathway genes in
cancer cells causes resistance to PD-1 and anti-CTLA-4
therapies (Gao et al. 2016; Zaretsky et al. 2016). It
suggests that not only infiltration of immune cells into
the tumor microenvironment, but the intact related
pathways in tumor cells is also an indispensable factor
for immunotherapy. Therefore, measuring the time to
upregulate immune-related signals in cancer cells can
provide clues for the optimal time point of immunother-
apy combined with radiotherapy.

In this study, we observed how immune-related sig-
naling changes after irradiation in the glioblastoma cell
line overtime to find clues of the most effective
methods in the combination between immunotherapy
and radiotherapy.

Methods

Cell culture and irradiation

The human glioblastoma cell line, U373 MG (Uppsala),
with inactive mutant p53, was used in this study
(Korean cell line bank [KCLB] no. 30017, http://cellbank.
snu.ac.kr/english/) (Kim et al. 2004). Cells were cultured
in RPMI1640 media (Welgene), supplemented with
10% fetal bovine serum and 1% gentamicin, at 37°C in
water saturated with 5% CO2. Referring previous
studies (Hyun et al. 2011; Ma et al. 2013; Kang et al.
2019), ionizing irradiation dose of 6 Gy was selected
and delivered to the cell line (cell number, 5 × 105/
100 mm dish) using 6 MV X-ray at 400 MU/min rate via
a linear accelerator (Clinac 2100 C or Clinac 21EX,
Varian Medical Systems). For comparison with a wild
type cell line, a cell line of human lung cancer, A549,
was also cultured under the same conditions (KCLB
no.10185) (Kim et al. 2004; Kim et al. 2013). Authentica-
tion and mycoplasma tests were performed on both
U373 MG and A549 cell lines (CosmoGenetech, Seoul,
Korea) (Supplementary Figure S1).

We extracted open source data of human U87 MG
glioblastoma cell line (ATCC, Bethesda, MD) from the
gene expression omnibus (GEO, accession no.:
GSE56937). The original study demonstrates cell
culture and irradiation protocols for this cell line (McDo-
nald et al. 2017). Briefly, the U87 MG cell line was cul-
tured in minimum essential medium (MEM) with 10%
fetal bovine serum, maintained in a 37°C incubator
with 5% CO2. Cultures were treated with single doses
of irradiation (8 and 16 Gy) via Cesium-137 Gammacell
irradiator with a dose-rate of 0.48 Gy/min. We chose
data with 8 Gy irradiation, which is similar to our study
setting of 6 Gy.

Ribonucleic acid (RNA) isolation, library
construction and sequencing

RNA isolation and Next-generation sequencing (NGS)
were performed on the U373 MG and A549 cell lines
before irradiation (0 h, control group), and 6, 24, and
48 h (test groups) post-irradiation. The total RNA con-
centration was calculated using the Quant-IT RiboGreen
(Invitrogen). Samples were run on TapeStation RNA
ScreenTape (Agilent) to assess the integrity of the total
RNA. Only high-quality RNA preparations (RNA integrity
number > 7.0) were used for RNA library construction.

A library was prepared using 1 μg of total RNA from
each sample using the Illumina TruSeq mRNA Sample
Prep kit (Illumina, Inc.). First, the poly (A)-containing
mRNA molecules were purified using poly-T-attached
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magnetic beads. Then, the mRNA was fragmented into
small pieces with divalent cations at elevated tempera-
tures. SuperScript II reverse transcriptase (Invitrogen)
and random primers were used to copy the cleaved
RNA fragments into the first-strand cDNA. Subsequently,
second-strand cDNA synthesis using DNA polymerase I
and RNase H were performed. These cDNA fragments
then underwent an end repair process, the addition of
a single ‘A’ base, and the ligation of indexing adapters.
The products were purified and enriched via PCR to
generate the final cDNA library. The libraries were
quantified using qPCR, according to the qPCR Quantifi-
cation Protocol Guide (KAPA Library Quantification
Kits for Illumina sequencing platforms), and validated
using TapeStation D1000 ScreenTape (Agilent Technol-
ogies). Indexed libraries were then sequenced on
the HiSeq2500 platform (Illumina) by Macrogen
Incorporated.

The study that provided the corresponding data for
the U87 MG cell line harvested cells at various time
points postirradiation. We chose time points similar to
our study (1, 4, 6 days after irradiation).

Bioinformatics and statistical analysis

The fragments per kilobase of transcript per million
mapped reads (FPKM) of genes for each period (0, 6,
24, and 48 h) were extracted, and genes with more
than five FPKM in at least one period alone were selected
for further analysis of the U373 MG and A549 cell lines.
For these genes, the log2-fold change (LogFC), compar-
ing the expression level between the test groups (6, 24,
48 h, post-irradiation) and the control group (0 h, before
irradiation), was calculated.

First, a heatmap was generated according to the
LogFC value in each period using the Morpheus
program (https://software.broadinstitute.org/morpheus/
). After hierarchical analysis according to the LogFC pat-
terns over time, functional enrichment analysis for each
clustered group was performed using the Enrichr
(https://amp.pharm.mssm.edu/Enrichr/enrich) and Reac-
tome programs (https://reactome.org/).

Second, in each time group (6-, 24-, and 48-hour
groups), genes upregulated than before irradiation
with a fold change ≥1.2 (LogFC ≥0.263034) were
extracted. Using the Enrichr and Reactome programs,
functional enrichment analyses for the gene sets were
performed based on the gene ontology (GO) terms
and the Reactome’s stable identifiers, respectively. We
mainly observed the time-sequential change of
immune-related signals including the expression level
of neutrophil-mediated immunity, type I interferon,
antigen-presenting, and interferon-γ signals in tumor

cells. The false discovery rate (FDR)-based adjusted P-
value (FDR Q-value) was automatically evaluated. A P-
or Q-value < 0.05 was considered statistically significant.

Third, we examined the time-sequential change in
LogFC values of PDL1 and TGFB1 which encode PD-L1
and TGF-ß1 in the NGS data.

Comparison with p53 wild type glioblastoma cell
lines

Cell culture, irradiation, RNA isolation, sequencing, and
functional enrichment analysis were performed for the
U87 MG cell line using the same methods as for the
U373 MG cell line. In the GEO datasets, the p53 wild
type glioblastoma cell line (U87 MG) dataset was
selected (GSE56937). Six samples obtained, three each
from the control (no irradiation) and test (8 Gy
irradiation) groups after day one were compared
because the test scheme was similar to our study. By
using the GEO2R program, LogFC was automatically cal-
culated. Genes with a fold change ≥1.2 (LogFC ≥0.26)
were extracted and functional enrichment analysis was
performed. The result was compared with that of the
U373 MG and A549 cell lines.

Western blotting

Cell lysates were prepared in cell lysis buffer (iNtRON Bio-
technology). The total cellular proteins were separated
via SDS-PAGE (10 μg for each period) and transferred
to nitrocellulose membranes (Millipore Corp.). The mem-
branes were blocked with blocking solution in 5% nonfat
dry milk (25 mM Tris, pH 7.5; 0.15 M NaCl; 0.05% Tween)
for 1 h and probed overnight at 4°C with primary rabbit
polyclonal IgG antibody at a dilution of 1:1000 (in
Double blocker, T&I BDT-1000). The antibodies for
CD274 and TGFB1 were purchased from Cell Signaling
Technology (Beverly). The membranes were incubated
with blocking solution containing a dilution of HRP-con-
jugated goat anti-rabbit IgG as a secondary antibody
(Santa Cruz, Biotechnology) at 1:3000 for 2 h. Western
blot protein detection was performed using the ECL kit
(Intron Biotechnology) according to the manufacturers’
recommendations. As a control, a monoclonal antibody
against actin (Santa Cruz, Biotechnology) was used. The
expression level of PDL1 and TGFB1 of the U373 MG cell
line were examined via western blotting. The cells were
treated with media, irradiated with 6 Gy, and then col-
lected at 0 h (before irradiation), and then, 6, 24, and
48 h after radiation, as for the previous NGS data
analysis.
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Results

Each immune pathway expression changed
differently overtime after irradiation

We examined the time-sequential change of immune-
related pathways after irradiation in glioblastoma to esti-
mate the effect of combined immuno-radiotherapy. We
hypothesized that the time-series characteristics of regu-
lation after radiation may differ for each immune-related
pathway. Since conventional radiotherapy for glioblas-
toma is a daily schedule, we examined the time-sequen-
tial change pattern of radiation-induced expression up
to 6, 24, and 48 h after irradiation.

After NGS of the U373 MG cell line at each designated
time period post-radiation, genes with >5 FPKM in at
least one period were selected. A total of 9278 genes
were detected. A hierarchical heatmap analysis of
LogFC value of each gene at each time period generated
four clusters with the gene numbers 2572, 631, 5503,
and 572.

Functional enrichment analysis was performed for
each of these four gene groups (Figure 1). The first gene
group (cluster 1) showed a gradual rise in gene
expression. Gene expression in the second gene cluster
group (cluster 2) increased in 24 h and decreased in
48 h post-irradiation. Gene expression in the third group
(cluster 3) decreased over time, while expression in the
fourth group increased 48 h post-irradiation (cluster 4).

Gene expressions of innate immune response activat-
ing cell surface receptor signaling pathway increased at
6 h after irradiation and decreased over time (cluster 3;
GO:0002220; P = 1.63E-08; FDR Q = 4.27E-07; Odds ratio
[OR], 1.861), while the neutrophil-mediated immunity
increased gradually until 48 h (cluster 1; GO:0002446;
P = 7.50E-13; FDR Q = 3.83E-09; OR, 1.912).

Type I interferon was actively produced at 6 h after
irradiation (cluster 3; GO:0032481; P = 2.55E-05; FDR Q
= 3.66E-04; OR, 1.904) and the cellular response to type
I interferon was gradually upregulated until 48 h
(cluster 3; GO:0071357; P = 2.44E-07; FDR Q = 7.79E-05;
OR, 2.945).

The expression of antigen processing and presen-
tation related to ubiquitination and proteasome degra-
dation was predominant at 6 h after irradiation and
reduced over time (cluster 3; R-HSA-983168; P = 1.32E-
11; FDR Q = 5.12E-09), while the expression levels of
folding, assembly and peptide loading of class I MHC
molecules (cluster 1; R-HSA-983170; P = 5.67E-10; FDR
Q = 4.60E-07) and cross-presentation to stimulate CD8+
T cell immunity (cluster 1; R-HSA-1236975; P = 4.66E-05;
FDR Q = 0.014) were progressively upregulated until
48 h after irradiation.

The interferon-γ signaling pathway was gradually
upregulated over time (cluster 1; GO:0060333; P =
1.57E-05; FDR Q = 0.002108; OR, 2.519) when observed
up to 48 h after irradiation.

These results suggest that immune cells (neutrophil
and antigen-induced cytotoxic T cells) would be
recruited toward tumor cells at least after 24 h post-
irradiation, resulting in a narrow window period for
immune-mediated tumor cell death before the next
radiotherapy schedule in glioblastoma.

Upregulation of immune cell activation-related
pathway occurred after 24 hours post-irradiation

The previous clustering analysis was an analysis of time-
sequential changes in each immune pathway. Inversely,
we further assessed the significantly upregulated
immune pathways in each period and verified whether
the results are similar to the previous clustering analysis.

Functional analysis for significantly upregulated genes
compared to pre-irradiation with fold change >1.2 at each
period (6, 24, and 48 h) in the U373 MG cell line was per-
formed. Immune-related signals – neutrophil-mediated
immunity (GO:0002446), type I interferon signaling
pathway (GO:0060337), antigen processing and presen-
tation of peptide antigen via MHC class I (GO:0002474),
and interferon-γ-mediated signaling pathway
(GO:0060333) were observed. These all signal pathways
were significantly upregulated at 24 h after irradiation
and the significances were maintained until 48 h (Figure
2(a)). Therefore, both time-series analysis in each
immune pathway and immune pathway analysis in
each time-series suggest that it would take at least 24 h
for radiation-induced immune cell activation.

To compare the differential gene expression based on
the p53 mutation and cell type, the same analysis was
conducted with the p53 wild type of the lung cancer
cell line (A549). Lung cancer cell line was selected con-
sidering a recent successful immunotherapy trial in
lung cancer to analyze the difference in immunologic
pathway after irradiation between glioblastoma and
lung cancer (Antonia et al. 2017). Unlike the U373 MG
cell line, p53-mediated apoptosis after irradiation was
one of the critical mechanisms of tumor cell death at
6 h after irradiation (apoptotic process; GO: 0006915; P
= 1.97E-08; FDR Q = 2.01E-05; OR, 4.341 and TP53 Regu-
lates Transcription of Cell Death Genes; R-HSA-5633008;
P = 1.43E-05; FDR Q = 0.012). However, the immune-
related signals showed a similar result with the U373
MG cell line. All immune-related signals were signifi-
cantly upregulated at 24 and 48 h after irradiation
(Figure 2(b)).
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We searched for additional datasets reporting a time-
sequential change of mRNA expression after irradiation
in glioblastoma cell line from the GEO and found the
U87 MG cell line datasets (glioblastoma, p53 wild type,
ATCC, Bethesda, MD) from a study performed at Center
of Cancer Systems Biology (McDonald et al. 2017). The

original study collected samples at 1, 4, 6, and 35 days
after 8 Gy or 16 Gy irradiations. Among all mRNA
expression data, 1, 4, and 6 days of data after 8 Gy
irradiation similar to our study design were selected to
observe changes in immune-related signals after
irradiation in the U87 MG cell line. As results,

Figure 1. Heatmap of the log2-fold change for each gene at 6, 24, and 48 h post-irradiation compared to that at 0 h (no-irradiation)
and functional pathway analysis for each cluster group in the U373 MG glioblastoma cell line showed that the highly expressed time
points after irradiation are different for each immune pathway. IR-6h, 6 h after irradiation; IR-24h, 24 h after irradiation; IR-48h, 48 h
after irradiation.
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neutrophil-mediated immunity was significantly upregu-
lated at one day and the upregulation was maintained
until six days after irradiation. While the expression
levels of other signals significantly increased at one day
and decreased at 4 and 6 days after irradiation (Figure 2
(c)). This result shows that radiation-induced immune

cell activation takes considerable time regardless of p53
mutation and tumor cell type.

The number of genes upregulated in the U373 and
A549 cell lines increased over time (159, 393, and 604
in the U373 cell line and 417, 1541, and 1597 in the
A549 cell line at 6, 24, and 48 h after irradiation, respect-
ively). The number of genes commonly upregulated in
both cell lines also increased (4, 89, and 176 at 6, 24,
and 48 h after irradiation, respectively). This corresponds
to 2.5%, 22.6%, and 29.1% of the upregulated genes in
the U373 cell line. There were no statistically significant
immune signals at 6 and 24 h in the enrichment analysis
of these genes. However, at 48 h, the type I interferon
signaling pathway was detected as a significantly
increased signal (GO:0060337; P < 0.001; adjusted FDR
Q = 0.026; related genes were STAT2, IFI6, ISG15, HLA-
A, and IRF9). Neutrophil-mediated immunity showed
borderline significance (GO:0002446; P = 0.001; adjusted
FDR Q = 0.059; related genes were LGALS3, ARSA,
SERPINA3, GRN, GSN, JUP, GAA, PSAP, CAT, CTSH,
CTSD, and DNASE1L1). These results show that the
immunologic signals increased gradually in both cell
lines up to at least 48 h post-irradiation, and 24 h post-
irradiation may not be the optimal time for a complete
immune response.

The number of upregulated genes in the U87 cell line
gradually increased to 923, 1065 and 1415 at 1, 4 and 6
days after irradiation, respectively. Genes upregulated
on day 1 of the U87 cell line were compared with
those of the other two cell lines 24 h after irradiation.
The number of genes commonly upregulated between
the U87 and U373 cell lines was 68 (7.3%, 68/923) and
250 (27.1%, 250/923) between the U87 and A549 cell
lines. No significant immune signals were observed in
enrichment analyses for these common genes. Gene
lists are provided in Supplementary Tables S1–S5.

PD-L1 expression level did not increase after
irradiation with cancer cell alone

Although the expression level of interferon-γ signaling
increased in the U373 MG cell line in the NGS data

Figure 2. Immune-related enrichment analysis of each time
period post-irradiation showed that neutrophil, type I interferon,
and antigen processing, and interferon-γ signals are upregulated
after 24 h post-irradiation. P: Fisher’s exact test. Q: Adjusted P-
value using the Benjamini-Hochberg method.

Table 1. Time sequential gene expression level encoding the
AXL-PI3K-PD-L1 axis and TGF-β1 at 6, 24, and 48 h after
irradiation in U373 MG glioblastoma cell line.

Gene

mRNA expression level (FPKM) Log2 fold changea

CONT-
0 h

IR-
6 h

IR-
24 h

IR-
48 h IR-6 h IR-24 h IR-48 h

PDL1 16.2 9.3 3.6 5.0 −0.740 −1.898 −1.530
TGFB1 36.2 36.2 35.6 39.4 −0.0001 −0.026 0.117

FPKM, the Fragments Per Kilobase of transcript per Million mapped reads;
CONT-0 h, control group with no radiation; IR, irradiation.

aComparison with the control group.
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analysis, the expression level of PDL1 gene did not
increase over time, suggesting that without T cell infiltra-
tion, the 6 Gy single dose irradiation to the U373 MG
glioblastoma cell line did not upregulate PD-L1 (Table
1). Western blotting confirmed no increase of PD-L1
after irradiation in the U373 MG cell line (Figure 3) (all
results of western blotting can be accessed from Sup-
plementary Figures S2 and S3). In the A549 cell line,
PDL1 gene expression level was relatively lower at all
time periods compared to that of the U373 MG cell
line, without markedly increasing after irradiation
(Table 2).

These results indicate that radiation-induced PD-L1
expression was not upregulated within 24 h of the radio-
therapy interval with tumor cells alone. Therefore, if
there is no increase in T cell-mediated PD-L1 expression
in tumor cells, it is difficult to expect synergistic effects in
concurrent immune-radiotherapy.

The TGF-β1 did not upregulated after irradiation

One study suggested that a combination of anti-PD-L1
and anti-TGF-ß1 therapies may overcome immunother-
apy resistance, as TGF-β forms a tumor microenviron-
ment to inhibit anti-tumor immunity by restricting T-
cell infiltration (Mariathasan et al. 2018). Therefore, we

observed the time-sequential change in LogFC values
of TGFB1 which encode TGF-ß1.

The TGF-β1 level was relatively stable with logFC
values of −0.0001, −0.026, and 0.117 at 6, 24, and 48 h
post-irradiation, respectively (Table 1). Western blotting
was performed for TGF-β1 to confirm the stable
expression regardless of the period, suggesting that
irradiation of 6Gy single dose did not impact the TGF-
β1 expression in the U373 MG cell line (Figure 3). Even
in the A549 cell line, increased expression of the
TGFB1 expression was stable irrespective of radiation
(Table 2). This result suggests that anti-TGF-β might be
used irrespective of radiotherapy schedule.

Discussion

Our study observed the time-sequential change in
immune-related gene expressions after irradiation of
glioblastoma cells. We mainly focused on speculating
the optimal time points for combining radiotherapy
and anti-PD-(L)1 treatment. We found that neutrophil-
mediated immunity, antigen processing/cross-presen-
tation to activate cytotoxic T cells, and radiation-
induced-interferon-γ-related signals in tumor cells were
highly upregulated at 24 h after irradiation and main-
tained until 48 h. It suggests that tumor antigen-
specific T cells would infiltrate to tumor cells after 24 h
from radiation, and the PD-L1 increase in tumor cells
by interferon-γ from the infiltrating T cell would take
more than 24 h after irradiation. Therefore, concurrent
anti-PD-(L)1 therapy with daily fractionated radiotherapy
might not be fully effective in glioblastoma because of
the time required for re-infiltration of tumor antigen-
specific T cells after the previous infiltrating T cells
were killed by radiotherapy.

Radiation increases PD-L1 in tumor cells. Radiation
increases interferon-γ by infiltrating T cell, and increased
interferon-γ provokes tumor cells to generate PD-L1 to
make T cells dysfunctional (Lugade et al. 2008; Gerber
et al. 2013; Abiko et al. 2015). T cell-mediated-inter-
feron-γ is thought to be the main mechanism behind
increasing PD-L1 levels (Abiko et al. 2015). Also, radiation
damages tumor cells, and as damage responses, cancer
cells itself express PD-L1 without T cells via the base
repair system (Permata et al. 2019), and the DNA
double-strand break repair pathway (Sato et al. 2017).
Several studies, using a tumor cell line only, have
reported increased PD-L1 expression post-irradiation
(Sato et al. 2017; Permata et al. 2019).

In our study, although interferon-γ signaling
increased after irradiation, PD-L1 expression did not
increase. There are two possible causes. First, we
observed immune signal regulations only up to 48 h

Figure 3. Western blotting for each time period post-irradiation
of the U373 MG glioblastoma cell line showed that PD-L1 and
TGF-β was not activated after irradiation until 48 h post-
irradiation. IR, irradiation; Cont, control.

Table 2. Time sequential gene expression level encoding the
AXL-PI3K-PD-L1 axis and TGF-β1 at 6, 24, and 48 h after
irradiation in A549 lung cancer cell line.

Gene

mRNA expression level (FPKM) Log2 fold changea

CONT-
0 h

IR-
6 h

IR-
24 h

IR-
48 h IR-6 h IR-24 h

IR-
48 h

PDL1 0.3 0.1 0.3 0.3 −0.139 −0.002 0.063
TGFB1 43.4 38.3 50.5 62.9 −0.176 0.213 0.524

FPKM, the Fragments Per Kilobase of transcript per Million mapped reads;
CONT-0 h, control group with no radiation; IR, irradiation.

aComparison with the control group.
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after irradiation, which may have been a short time to
detect an increase in PD-L1 by radiation-induced inter-
feron-γ. Several in vitro and in vivo studies reported
that interferon-γ increases approximately after 2 days
(1-6 days) after irradiation (Gerber et al. 2013; Lim et al.
2014; Sato et al. 2017; Permata et al. 2019). Interferon-γ
may be produced by tumor cells after irradiation or by
T cells recruited after antigen-presenting process. Inter-
feron-γ generated by tumor cells recruits T cells, and
interferon-γ produced by T cells increases PD-L1 in
tumor cells. In our study, increased interferon-γ signaling
was derived from tumor cells (not T cells). Therefore, the
results of this study suggest that T cell infiltration
induced by interferon-γ from tumor cells rarely occurs
until at least 1–2 days after irradiation.

Second, since there was no T cell in our cell line study,
the amount of PD-L1 might be less than when T cells are
present. When T cells were inhibited, the amount of
interferon-γ was reduced significantly (Gerber et al.
2013). Autocrine signaling by interferon-γ produced in
tumor cells may increase PD-L1, but the release of inter-
feron-γ by T cells is much more massive and is thought
to play a pivotal role in PD-L1 expression. This result
suggests that without T cell infiltration and interferon-γ
secreted by T cells, anti-PD-(L)1 therapy may not be
effective.

Recent trials showed improved results when radio-
therapy and immunotherapy were combined as an adju-
vant (after radiotherapy) or neoadjuvant (before
radiation) settings. The Pacific trial demonstrated a survi-
val benefit from the adjuvant anti-PD-1 therapy after
chemo-radiotherapy in stage III non-small-cell lung
cancer (Antonia et al. 2017). Without surgery, chemo-
radiotherapy would upregulate tumor antigen process
and presentation and PD-L1 level in tumor cells would
also be highly expressed after completing chemo-radio-
therapy. This study demonstrated that patients with
time interval between chemo-radiotherapy and immu-
notherapy less than 14 days showed favorable survival
compared to those with time interval 14 days or more.

According to our study, significant upregulation of
adaptive immunity-related tumor antigen presentation
started at 24 h after irradiation, suggesting that 14
days was enough time for infiltrating T cells in tumor
cells. Also, as the chemo-radiotherapy-induced
immune responses might be reduced over time, result-
ing in lower survival benefits for patients from
immunotherapy.

A recent trials of neoadjuvant anti-PD-1 therapy
before surgery in recurrent glioblastoma also showed a
promising result (Cloughesy et al. 2019). In this study,
anti-PD-1 was administered 14 days before surgery.
Intratumoral T cells would be sufficiently activated by

anti-PD-1 therapy before surgery. Based on this
success, it would be also possible to try neoadjuvant
immunotherapy for newly diagnosed glioblastoma.

On the other hand, recent two phase III trials which
failed to meet the primary endpoint were concurrent
anti-PD-1 therapy with (chemo)-radiotherapy in newly
diagnosed glioblastoma after surgery (NCT02667587,
NCT02617589) (Weller and Le Rhun 2019). Without
gross tumor tissue, the PD-L1 expression level might
not be prominent than the Pacific trial. Moreover, daily
radiotherapy may not provide sufficient time for new T
cell infiltration to tumor cells.

Concurrent immuno-radiotherapy has another point
to weaken the effectiveness of the combined therapy.
Anti-PD-L1 therapy activates infiltrating T cells which
are dysfunctional because of PD-L1 from tumor cells.
Therefore, to make a success of anti-PD-(L)1 treatment,
enough density of infiltrating tumor antigen-specific T
cells is indispensable. Radiotherapy affects all cells in
the target field. Moreover, lymphocytes are radio-sensi-
tive. Therefore, after irradiation, it would require time
to re-infiltrate new T cells in the tumor
microenvironment.

PD-L1 expression was higher in the p53 mutant
tumor than in the p53 wild type cancer, and the p53
mutant tumor was highly sensitive to the anti-PD-L1
therapy (Dong et al. 2017). As the apoptotic process is
not available in the p53 mutant cancer, anti-PD-(L)1
treatment might be a promising option for this disease
(Aubrey et al. 2018).

Generally, radiation-induced TGF-ß1 signaling is
associated with normal tissue injury and fibrosis (Vujas-
kovic 2000). TGF-ß signaling is now regarded as one of
the possible mechanisms of immunotherapy resistance
(Wrzesinski et al. 2007; Bouquet et al. 2011; Vanpouille-
Box et al. 2015; Darragh et al. 2018; Mariathasan et al.
2018). Co-administration of anti-TGF-β1 and anti-PD-
(L)1 (±radiotherapy) extended survival in a mouse
model (Vanpouille-Box et al. 2015; Mariathasan et al.
2018). In our study, 6 Gy single dose did not increase
TGF-ß1 expression. Radiation protocol without TGF-ß1
increase and/or anti-TGF-β1 therapy might be a new
strategy to improve survival in glioblastoma.

In our study, we used various tumor cell lines. Further
studies using tumor tissues such as heterogeneous
tumor spheres or organoids or various preclinical and
clinical studies would be helpful to deepen the under-
standing of the time-sequential change of immune
response induced by radiotherapy. Administration of
temozolomide, anti-PD-L1 treatment, and various
doses/fractions of radiotherapies were not performed.
As a time-sequential NGS study, however, this study pro-
vides a comprehensive and in-depth understanding of
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gene expression post-irradiation and offers a valuable
recommendation for the optimal treatment protocol
for combined radiotherapy and immunotherapy.

In conclusion, this study observed a time-sequential
change in gene expression of glioblastoma cell line
post-irradiation. Innate and adaptive immune signals
were significantly upregulated at 24 h post-irradiation
and maintained until 48 h. These results suggest that
daily radiotherapy might not provide sufficient time for
infiltrating immune cells into the tumor microenviron-
ment. Therefore, anti-PD-(L)1 therapy against T cell-
mediated PD-L1 in tumor cells might not be fully syner-
gistic with daily radiotherapy treatment schedule.
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