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Piperlongumine conquers temozolomide
chemoradiotherapy resistance to achieve
immune cure in refractory glioblastoma via
boosting oxidative stress-inflamation-CD8"-T
cell immunity
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Song-lin Yin', Shi-jie Xu', Jing-yi Peng', Pan-pan Gao', Xuan Cao*’, Feng Pan”’, Ximiao He*" and Xiao Qian Chen"

Abstract

Background The failure of novel therapies effective in preclinical animal models largely reflects the fact that current
models do not really mimic the pathological/therapeutic features of glioblastoma (GBM), in which the most effective
temozolomide chemoradiotherapy (RT/TMZ) regimen can only slightly extend survival. How to improve RT/TMZ
efficacy remains a major challenge in clinic.

Methods Syngeneic G422™-GBM model mice were subject to RT/TMZ, surgery, piperlongumine (PL),

aPD1, glutathione. Metabolomics or transcriptomics data from G422™-GBM and human GBM were used for
gene enrichment analysis and estimation of ROS generation/scavenging balance, oxidative stress damage,
inflammation and immune cell infiltration. Overall survival, bioluminescent imaging, immunohistochemistry, and
immunofluorescence staining were used to examine therapeutic efficacy and mechanisms of action.

Results Here we identified that glutathione metabolism was most significantly altered in metabolomics analysis
upon RT/TMZ therapies in a truly refractory and reliable mouse triple-negative GBM (G422™) preclinical model.
Consistently, ROS generators/scavengers were highly dysregulated in both G422™-tumor and human GBM. The ROS-
inducer PL synergized surgery/TMZ, surgery/RT/TMZ or RT/TMZ to achieve long-term survival (LTS) in G422™-mice,
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but only one LTS-mouse from RT/TMZ/PL therapy passed the rechallenging phase (immune cure). Furthermore, the
immunotherapy of RT/TMZ/PL plus anti-PD-1 antibody (aPD1) doubled LTS (50%) and immune-cured (25%) mice.
Glutathione completely abolished PL-synergistic effects. Mechanistically, ROS reduction was associated with RT/TMZ-
resistance. PL restored ROS level (mainly via reversing Duox2/Gpx2), activated oxidative stress/inflammation/immune
responses signature genes, reduced cancer cell proliferation/invasion, increased apoptosis and CD3*/CD4*/CD8*

T-lymphocytes in G422™

-tumor on the basis of RT/TMZ regimen.

Conclusion Our findings demonstrate that PL reverses RT/TMZ-reduced ROS and synergistically resets tumor
microenvironment to cure GBM. RT/TMZ/PL or RT/TMZ/PL/aPD1 exacts effective immune cure in refractory GBM,

deserving a priority for clinical trials.

Keywords Piperlongumine, Glioma, Tumor microenvironment, ROS generation/elimination, Immunotherapy, PD-1

Introduction

Glioblastoma multiforme (GBM) is the most aggressive
and malignant primary brain tumor with a mean survival
of 12 months [1] and six molecular subgroups character-
ized by distinct mutations and DNA methylation profiles,
belonging to WHO grade IV [2]. The standard care of
GBM, surgical resection followed by radiotherapy plus
concomitant and maintenance TMZ (RT/TMZ), remains
most effective but can only slightly prolong the median
survival for 2—3 months [3, 4]. While many novel thera-
pies, such as immunotherapy [5-7] and oncolytic viro-
therapy [8], have shown great promise in animal studies
but not in clinical trials. Complete surgical removal of
GBM cells is nearly impossible due to the highly invasive
feature of GBM [9, 10], and therefore the tumor rapidly
relapses; meanwhile, GBM cells evolve during RT/TMZ
therapy and can acquire “multidrug resistance” (MDR)
[2, 11], greatly limiting their efficacy. Thus, a major and
practical strategy that can extend patient survival is to
improve RT/TMZ efficacy with sensitizing drugs, found
it was really difficult in clinical trials. One of the major
reasons is that current preclinical GBM animal models
do not faithfully recapitulate the key pathological charac-
teristics and therapeutics of GBM [2, 12], and therefore
the synergized efficacy of most combined regimens in
animal models cannot be verified clinically. Clearly, the
use of more representative GBM animal model in drug
discovery will produce more reliable efficacy data that
can be successfully translated to humans.

In order to facilitate mouse-to-human translation,
we have recently developed a highly stable preclini-
cal mouse GBM model, named as G422 triple-negative
GBM (G422™-GBM) based on its genetic combinations
of IDH1/2%T chromosomel/19'%¢t TERT-promoter™ ©
with ATRXMutant Trp53Mutant 1131 This model is differ-
ent from others as G422™ cells have been maintained
for in vivo passaging and in high aggressiveness. We have
optimized the G422™-GBM mouse model [13, 14], mak-
ing it faithful to recapitulate the therapeutic responses of
human GBM. In this model, the standard surgery/RT/
TMZ regimen or RT/TMZ are most effective but only

slightly increases mouse survival time with a comparable
efficacy of human GMB [13]. With this highly refractory
G422™_-GBM model, we have tested the synergistic effi-
cacy of RT/TMZ plus several potential sensitizing drugs
(including mannose, metformin or disulfiram/copper
gluconate) and demonstrated that only mannose was
effective, verifying the value of this model in potential
drug screening [13].

In this study, we aim to find new candidates for GBM
treatment by overcoming RT/TMZ resistance most
relevant to reactive oxygen species (ROS) scavengers.
Since targeting ROS by either ROS inducers or antioxi-
dant inhibitors to amplify ROS cytotoxicity has become
an important therapeutic strategy for many malignant
tumors [15, 16], while piperlongumine (PL) kills can-
cer cells via selectively inducing ROS [17], we tested the
synergistic efficacy of RT/TMZ in combination of PL.
Indeed, RT/TMZ/PL treatment significantly prolonged
overall survival (OS) in the G422™-GBM model and
achieved cure by reshaping pro-inflammatory immune
microenvironment, in which M1-like tumor-associated
macrophages (TAMs) and CD8" T cells were increased
depending on ROS accumulation. Furthermore, RT/
TMZ/PL substantively enhanced immunotherapy effi-
cacy of anti-PD1 antibody (aPD1).

Materials and methods

Animals, murine G422™-GBM cells and orthotopic
G422™-mouse model

Adult male Kunming mice (18-22 g) were purchased
from the Experimental Animal Centre, Huazhong Uni-
versity of Science and Technology (HUST). The mice
were group housed in the Animal Core Facility of Tongji
Medical College with a 12-h light/dark cycle with ad libi-
tum access to food and water. All animals handling and
experiments were performed in accordance with the NIH
guidelines and the ARRIVE guidelines, and approved by
the Institutional Ethics Committees of HUST ([2019]
IACUC Number: 2907). The G422™-cells are highly
invasive cells purified from orthotopic murine G422-
tumors and whole-genome sequencing identify its
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genotypes matching to triple-negative subtype of human
GBM [13]. The orthotopic G422™-GBM tumors in syn-
geneic Kunming mice possess typical pathological fea-
tures of human GBM (i.e., highly aggressiveness, necrosis
and microvessel hyperplasia) and are molecularly char-
acterized by Vimentin'GFAP'°CD3". G422™-GBM
cells can only survive and be passaged in vivo, a condi-
tion known to better maintain the tumorigenicity and
overall phenotype of cancer cells. Following an optimized
protocol, ie., subcutaneous-intracranial model system,
we have established a stable orthotopic G422™-GBM
murine model suitable for preclinical drug verification
[13]. Briefly, mice were anesthetized with an intraperito-
neal injection of chloral hydrate (350 mg/kg) and xylazine
(10 mg/kg). Freshly isolated 5x10* G422™-cells (in 1 pl
PBS) from subcutaneous tumor were microinjected by
10-pul Hamilton syringe into right striatum of mouse brain
(coordinates: 0.5 mm anterior and 2.0 mm lateral from
the bregma, and 3.5 mm deep from the skull surface) or
right superficial cerebral cortex (0.5 mm anterior, 2.0 mm
lateral and 2.0 mm deep) to prepare non-surgical or sur-
gical preclinical G422™-mouse models correspondingly
as previously described (Fig. 1A). No unforeseen adverse
events were observed in all experimental animals.

Temozolomide concurrent chemoradiotherapy and TMZ
adjuvant chemotherapy (RT/TMZ regimen)

G422™_mice accepted therapy starting on day 7 post
implantation (p.i.) as previously described, a suitable
window evaluating therapeutic efficacy [13]. For RT
therapy, G422™-mice in their prone position were sub-
jected to whole brain irradiation (WBI) with one dosage
of 10 Gy (5 Gy irradiation-5 min interval-5 Gy irradia-
tion) with an X-ray irradiator (RS-2000 pro, Rad Source
Technologies, USA) under fixed parameters (160 KV,
25 Ma, 1 Gy/48.4 s). During WBI, a reflector was used
to improve the uniformity of irradiation and the other
parts of the mouse body were blocked from irradiation
with a 3 mm lead plate. For TMZ therapy, TMZ (AbMole,
China) was dissolved in 0.5% CMC-Na at a concentration
of 5 mg/ml, and was administered to mouse (50 mg/kg)
daily via oral gavage. The complete TMZ therapy course
was: 5 day TMZ-2 day interval-5 day TMZ. On the first
day RT/TMZ regimen, TMZ was administrated 2 h
after radiation. Animals were observed daily and eutha-
nized when they demonstrated morbidity signs includ-
ing hunched posture, lethargy, difficulty ambulating, and
weight loss.

Bioluminescent imaging (BLI)

G422™ _cells have been previously infected with lucifer-
ase-expressing lentivirus and thus can be used for tumor
volume monitoring by BLI method in vivo [13]. BLI of
intracranial G422™-tumors was performed with an
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animal in vivo optical imaging system (Spectral LagoX,
USA) 10 min after a single intraperitoneal injection of
0.2 ml of sterile D-luciferin (15 mg/ml in PBS, Cayman
Chemical Company, USA). The region of interest (ROI)
values measured by using Amiview software (Spectral
Instruments Imaging Company, USA) were used for sta-
tistical analysis of optical density values.

Metabolomics data analysis

Metabolomics data were collected as previously
described [13]. Briefly, adult mice bearing subcutane-
ous G422™-tumors of 0.8-1 cm in diameter were treated
with vehicle (control) or RT/TMZ (total body irradia-
tion, 10 Gy; plus TMZ, 50 mg/kg/d) for 2 days and then
the tumors were isolated for metabolomics. More than
200 mg of fresh tumor tissues were used for the measure-
ment of targeted metabolites by LC-MS analysis (Novo-
gene Bioinformatics Technology Co., Ltd). The analysis
software SCIEX OS (version1.4) was applied to peak inte-
gration. The standards to defined differential metabolites
were absolute value of fold change>=2 and adjusted p
value<0.05. All differential metabolites were shown in
Supplementary Table 1.

Surgery and its combined regimen

G422™ tumors in superficial cerebral cortex of mice
were subjected to surgery or surgery combined regi-
men as previously described [13, 14]. Briefly, intracra-
nial tumor was fully exposed by removing skull cap of
5 mm-in diameter centered with the original injection
site. The tumor mass was macroscopically completely
removed with micro-forceps under a stereo microscope
until apparent white walls in the surgical cavity, indicat-
ing the reaching of normal brain parenchyma region.
Hemostasis was accomplished by using gel foam. The
effectiveness of this protocol has been verified in previ-
ous studies [13]. Less than 5% of surgical deaths occurred
within 48 h after the surgery. For surgery combined regi-
men, other therapies were started on day 8 p.i. (i.e., one
day after surgery). Animals were euthanized when they
demonstrated morbidity signs including hunched pos-
ture, lethargy, difficulty ambulating, and weight loss.

Piperlongumine, glutathione, mannose and anti-PD-1
antibody (aPD1) treatment

Piperlongumine (Selleck Chemicals, China) was dis-
solved in tween-80/water (10/90, v/v) at a final concentra-
tion of 0.5 mg/ml, and was administered to mice (5 mg/
kg/d) daily via intraperitoneal injection according to cor-
responding therapeutic schedules. Glutathione (Selleck
Chemicals, China) was dissolved in normal saline at a
final concentration of 40 mg/ml, and was administered
to mice (400 mg/kg/d) daily via intraperitoneal injection
corresponding therapeutic schedules. Mannose (AbMole,
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Fig. 1 Early alteration of glutathione metabolism restricts RT/TMZ efficacy in orthotopic G422™-tumor. A Schematic diagram of orthotopic G422™-GBM
mouse model establishment. B Schematic diagram depicting the bioluminescent images (BLI) once every six days started on day 6 p.i. and RT/TMZ
regimen started on day 7 p.i. RT, a single dose of 10 Gy-whole brain irradiation (WBI); TMZ, 10 doses of TMZ during one therapeutic course with one oral
gavage of 50 pg TMZ per gram of body weight in each dose. C and D Representative bioluminescent images and statistical analysis of the ROl values
of the intracranial tumors in control and RT/TMZ-treated group monitored before and after RT/TMZ treatment (on day 6, 12 and 18, n=8/group). E The
Kaplan-Meier survivals of the G422™-mice with RT/TMZ treatment and control group (n=8/group). F The PCA plot of metabolomic data in control and
RT/TMZ treatment. G The volcano plot of RT/TMZ treatment vs. control metabolites. H The top 20 differential pathways between the Control and RT/TMZ
identified by the KEGG pathway enrichment analysis. | Gene expression profile of ROS generating and scavenging genes in CGGA database including RT
treatment vs. control, TMZ treatment vs. control, and RT/TMZ treatment vs. control. J Gene expression profile of ROS generating and scavenging genes in
control and RT/TMZ treatment. (****P <0.0001)

China) was dissolved in 200 ml sterile water (20% (w/v)), aPD1 immunotherapy, aPD1 (clone RMP1-14, Bio X
which each mouse received a total amount of 40 g via  Cell) or its isotype control was administered to mice
normal drinking per week [13], supplemented with one via intraperitoneal injection with a first dose of 400 pg/
dose of 40 mg by oral gavage three times per week. For = mouse and other doses of 200 pg/mouse every other day
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according to corresponding schedules (6 doses in total).
Control animals received equivalent doses of isotype
murine IgG according to the same dosing schedule.

Rechallenge assay

G422™-_mice survived over 100 days p.i. (i.e., long-term
survival, LTS) were subjected to rechallenge assay [13].
5x10* G422™cells (same as the first implantation) were
microinjected into left striatum of LTS-mice (0.5 mm
anterior and 2 mm lateral from bregma, and 3.5 mm
deep from the cortical surface). Age-matched naive mice
were used as controls by implanting same amounts of
G422™ cells into left striatum. Without any treatment,
intracranial G422™-tumor was measured by BLI on day
7 p.i. and the survival time of mice was recorded. Ani-
mals were euthanized when they demonstrated morbid-
ity signs including hunched posture, lethargy, difficulty
ambulating, and weight loss.

ROS level measurement

Orthotopic G422™-mice were treated for three days
(i.e., from day 7 to day 9 p.i.) and sacrificed 6 h post the
last drug injection. Whole brains from each group were
isolated and immediately frozen in optimal cutting tem-
perature compound, and then cut into 20 um-thick fro-
zen sections by a cryostat microtome (Leica Biosystems).
The ROS level was detected using dihydroethidium
(DHE) staining. In brief, frozen brain tissues contain-
ing G422™-tumor were incubated with 8 uM of DHE
(Sigma, D7008) for 60 min at 37 °C. Cell nuclei were
stained with DAPI (1:500, Roche, 216,276) for 5 min.
After thrice PBS rinse, the sections were cover-slipped
with fluorescent mounting medium (Southern biotech,
0100-01) and photographed using the Olympus IX-73
microscope connected to Olympus DP80 photographic
equipment (Olympus, Japan) at 200xmagnification under
same conditions. The fluorescence of DHE and DAPI
was measured at an excitation wavelength of 535 nm and
364 nm.

Hematoxylin-eosin (H&E) staining and
immunohistochemistry (IHC)

Paraffin-embedded brain slices were used for H&E
staining and IHC analysis as previously described [18].
Briefly, 4 pm-thick brain slices were deparaffinized,
rehydrated, endogenous peroxidase blocked, antigen-
retrieved, blocked with 5% BSA, incubated with pri-
mary and corresponding secondary antibodies (Polink-1
HRP DAB Detection System, ZSGB-BIO, China), and
the colorimetric end products were produced by apply-
ing diaminobenzidine tetrachloride. Primary anti-
bodies were anti-Ki67 (1:100, ab16667, Abcam, UK),
anti-CD3 (1:2000, ab237721, Abcam, UK), anti-CD4
(1:2000, ab183685, Abcam, UK), anti-CD8 (1:2000,
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ab209775, Abcam, UK), and anti-FoxP3 (1:100, #12,653,
CST, USA). Whole brain images were obtained by scan-
ning the brain sections at 200xmagnification with an
automatic slice scanning system-SV120 (Olympus,
Japan). Statistical analysis used data from 6 slices from 6
mice brains per group. The data were expressed as mean
number of positive cells per mm? microscopic field.

RNA extraction and quantitative real-time PCR (qRT-PCR)
Following the manufacturer’s instructions, total RNA
was extracted from subcutaneous tumor tissues using
TRIzol reagent (15596-026, Invitrogen, Carlsbad, CA,
USA)0.1 pg of extracted RNA was used for cDNA synthe-
sis using HiScriptR III RT SuperMix for qPCR (+gDNA
wiper) (R323-01, Vazyme, China) according to the
manufacturer’s instructions. qRT-PCR specific for ROS
generation signature genes (Ncfl, Nc¢f2, Duoxl, Duox2,
Nox4, Gsr), ROS scavenger signature genes (Gcle, Gelm,
Slc7all, Prdx3, Sodl, Sod2, Txnrd2, Cat, Gpxl, Gpx2,
Gpx3, Gpx4, Fthl, Sod3, Prdx1, Gss, Prdx4, Hmox1, Fhi2,
Slc3a2, Nef2l2), antigen presentation signature genes
(B2m, Calr, Canx, Nirc5, Pdia3, Psmb8, Psmb9, Tapl,
Tap2, Tapbp), IFN gamma signature genes (Ifugrl, Ifngr2,
Jakl, Jak2, Statl, Stat3, Stat5a, Stat5h, Tyk2) and inflam-
matory response signature genes (Inhbe, 1l2rb, Cxcl15,
Llla, 1i7r, Ccl20, 111b, Cxcl3, 1l6, Cxcl2) were performed
on Quantagene q225 fluorescent quantitative PCR sys-
tem. The primers of the above genes were listed in sup-
plementary Table 2. Data were analyzed using 2 22¢T
method and normalized to B-actin.

Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay

The in situ apoptosis detection kit (Roche,
11,684,817,910) was used, according to the manufactur-
er’s instructions, to assess the level of apoptosis in par-
affin-embedded tissue sections. Six fields with apoptotic
cells were observed in each specimen at 200xmagnifica-
tion. The data were expressed as mean number of apop-
totic cells per mm? microscopic field.

Flow cytometric analysis

Brains and spleens of different groups (Control, RT/TMZ,
or RT/TMZ/PL) of mice were harvested and homog-
enized using enzymatic (1.5 mg/mL collagenase IV, 200
U/mL DNase I, HBSS with calcium and magnesium)
and mechanical tissue disaggregation. The solution was
filtered twice over a 70 um nylon filter and centrifuged
for 5 min at 1200 rpm, 4°C. The pellet was resuspended
in 3ml 70% standard isotonic percoll (SIP, GE Health-
care) and gently overlaid with 3ml of 37% SIP followed
by a 3ml layer of 30% SIP, forming a three-layered den-
sity gradient (centrifuged at 800 g, 4°C, 30 min without
acceleration/braking). The 70/37% interphase containing
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immune cells was collected and centrifuged for 5 min at
1200 rpm, 4°C. The cell pellet was resuspended in pre-
cooled PBS and incubated with the antibodies specific to
the following proteins at 4 °C for 40 min: CD45-BV510
(BioLegend, 103,137), CD3-FITC (BioLegend, 100,203),
CD4-PE-Cy7 (BioLegend, 116,015), CD8-PE (BioLegend,
107,708). Unlabeled cells were used as the blank control.
Dead cells were excluded using Zombie Aqua™ Fixable
Viability Kit (BioLegend, 423,101). Data acquisition and
compensation were performed on ID7000™ full spectrum
flow cytometry analyzer (Sony, Japan) and analyzed using
FlowJo VX 10.

RNA sequencing data analysis

Adult mice bearing subcutaneous G422™-tumors
(0.8-1 cm in diameter) were respectively treated with
vehicle (control), PL (5 mg/kg/d), RT/TMZ (total body
irradiation, 10 Gy; plus TMZ 50 mg/kg/d) or RT/TMZ/
PL (RT/TMZ puls PL) for 2 days, and then the subcuta-
neous tumors were isolated for transcriptomics. Tumor
tissue were subjected to total Mrna isolation, Cdna
libraries construction and sequencing at Illumina HiSeq
sequence platform (PE150) with 6G clean data by Novo-
gene Bioinformatics Institute (Shanghai, China). For bulk
RNA sequencing data under different treatments includ-
ing control, PL, RT/TMZ, and RT/TMZ/PL, we firstly
removed low quality bases and sequences using TrimGa-
lore (https://www.bioinformatics.babraham.ac.uk/proj-
ects/trim_galore/). Then, remained sequences were
aligned to mm10 mouse genome reference using STAR
[19]. Gene expressions were quantified using RSEM [20]
to obtain counts and FRKM of per sample (Supplemen-
tary Table 3). We performed differential expression anal-
ysis using DESeq2 (version 1.28.1) [21]. The standards to
define DEGs were adjusted P value<0.05 and absolute
value of fold change>=2 (Supplementary Table 4).

TCGA and CGGA cohorts

The cancer genome atlas (TCGA) lower grade glioma
(LGG) and GBM gene expression data were obtained
from the UCSC Xena. Gene expressions levels of all sam-
ples were measured by FPKM. We also downloaded raw
counts for differential genes analysis using DESeq2 [21],
and clinical information for survival analysis. Bulk RNA
sequencing data of LGG and GBM were obtained from
the Chinese Glioma Genome Atlas (CGGA) database,
which contained gene expression data processed by the
CGGA pipelines. In addition, clinical information includ-
ing treatment options and survival were downloaded for
further analysis.

Gene set and differential metabolites enrichment analysis
All pathway enrichment analyses were based on KEGG
database resources [22]. The ClusterProfiler R package

(2023) 42:118

Page 6 of 19

[23] was used to enrich pathways and visualize enrich-
ment results. Similarly, differential metabolites were
enriched by KEGG analysis and visualized by the ggplot2
R package. In this study, we constructed many signature
scores using single-sample GSEA (ssGSEA) method [24].
TAMs signature genes were provided in Supplementary
Table 5.

Correlation analysis and immune cell infiltration
estimation

We calculated Pearson correlations of the RT/TMZ/PL
signature score with the antigen presentation signature,
the IFN gamma signature and the inflammatory response
signature, respectively. Inmune cell proportion was cal-
culated with MCP-counter function in the MCP R pack-
ages [25].

Statistical analysis

Animal survival was analyzed by the Kaplan-Meier esti-
mate and compared using a log-rank (Mantel Cox) test.
Two-tailed unpaired t-test was used to analyze the dif-
ferences between two unpaired groups. Paired t-test
was used to analyze two paired groups. One-way analy-
sis of variance (ANOVA) with post-hoc Dunnett’s test
was used to compare one-factor variable experiments
among multiple groups. All values were reported as
meant SEM. Differences were considered significant at a
value of P<0.05. Patient’s Kaplan Meier survival curves
were used to assess differences in overall survival times
between the high oxidative stress signature group and
the low oxidative stress signature group. Survival curves
were constructed by ‘gsurvplot’ function in the R pack-
age survminer (version 0.4.2) from Bioconductor. GBM
patients in TCGA and CGGA database were classified
into high oxidative stress signature group or low oxidative
stress signature group using the survcutpoint function
in the R package survminer. Descriptions for statistical
analysis were shown in each corresponding figure legend.
Statistical analysis was performed using R software (ver-
sion 4.0.2) and GraphPad Prism software.

Results

Limited efficacy of RT/TMZ to orthotopic G422™-tumor is
associated with early alteration of glutathione metabolism
In order to obtain reliable preclinical data for drug evalu-
ation, we have established a highly refractory orthotopic
G422™-GBM mouse model. Following previously opti-
mized protocol (Fig. 1A), inoculating 5x 10* G422™-cells
into striatum caused rapid tumor growth as visualized
on day 6, 12 and 18 post implantation (p.i.) by in vivo
BLI with or without therapy (Fig. 1B and D). The tumors
maintained rapid growth during RT/TMZ therapies, pos-
sessing a faster growth during 12th -18th day than 6th
-12th reflected by the ROI slope (Fig. 1D). Meanwhile,
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all G422™-mice died within 15 days after discontinuing
treatment (Fig. 1E). These results verified the malignancy
and RT/TMZ-resistance of G422™-tumor, thus the cura-
tive effect of RT/TMZ gradually deteriorating.

Then, we aim to find the major mechanism that confers
G422™-tumor resistance to RT/TMZ by utilizing metab-
olomics data. Comparing the global metabolites of sub-
cutaneous G422™-tumors, the results showed distinct
differences between RT/TMZ and control group (Fig. 1F
and Supplementary Fig. 1), indicating the metabolic sta-
tus changes. In total, 71 differential metabolites (DMs)
were detected by bioinformatics analysis (fold change>2
and P value<0.05) (Fig. 1G), and further KEGG enrich-
ment analysis based on these DMs revealed Glutathione
metabolism to be the most significantly altered metabolic
pathway (Fig. 1H). Since modulating ROS represents a
strategy to kill MDR cancer cells [11], while GSH is well
known for inhibiting therapeutic efficacy by neutralizing
ROS in various cancers including GBM [26], we specu-
lated that the early and prominent alteration of GSH
metabolism played a major role in limiting RT/TMZ effi-
cacy in G422™-tumors and human GBM.

Furthermore, we analyzed the gene profiles of ROS
generation (ROS,,,) and ROS scavenger (ROS,) sig-
nature genes in human glioma by utilizing the Chinese
Glioma Genome Atlas (CGGA) database, and stratified
the cohort into GBM and lower grade glioma (LGG),
with or without therapy (control, RT, TMZ or RT/
TMZ). The results revealed that most of ROS,,, and
ROS, , were upregulated in all therapy groups as com-
pared to their corresponding control groups although
differential expression existed among groups (Fig. 1I).
Among all therapy groups, RT/TMZ-GBM had most
upregulated ROS,, (18/21, including 3/4 Gpx) while its
ROS,,,/ROS, fold changes ratio was the lowest, which
were closest to that of RT/TMZ-treated G422™-tumors
(Fig. 1J). These results together demonstrated that
RT/TMZ reset ROS metabolism in a similar pattern,
mainly by upregulating ROS,, including Gpxs, in both
G422™-tumors and human GBM.

PL prominently improves RT/TMZ efficacy to achieve long-
term survival and immune cure in G422™-mice

PL exerts an antitumor effect via reducing GSH selec-
tively to induce ROS accumulation, so we tested whether
targeting GSH metabolism via PL may improve RT/TMZ
efficacy [27]. PL monotherapy significantly improved
OS of G422™-mice although less effective than TMZ
monotherapy (Fig. 2A C). Additionally, PL significantly
improved efficacy (enhancing OS and reducing tumor
size) of TMZ but all G422™-mice died within day 30
p.i. (Fig. 2B and E). Further, we tested the efficacy of PL
in combination with surgery, as surgery is commonly
applied to remove primary GBM in clinic. Surgical
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removal of microscopically visible tumor mass on day 7
p.i. achieved similar efficacy of PL monotherapy (Fig. 2F
H). Surgery followed by PL administration significantly
improved surgery efficacy, while TMZ/PL showed simi-
lar efficacy of surgery/TMZ (Fig. 2G). Surgery/TMZ/PL
further improved OS of G422™-mice as compared to
surgery/TMZ, and achieved LTS in 10% of G422™-mice
(1/10) while no other PL combined therapies could
extend G422™-mice survival to up 35 days (Fig. 2G).

When PL combined with standard therapy for GBM,
the OS of G422™-mice was further improved as com-
pared to surgery/RT/TMZ, with the LTS ascending to
12.5% (Fig. 3A C). Administration of GSH completely
abolished surgery/RT/TMZ/PL  synergized efficacy
(Fig. 3B). Unexpectedly, surgery did not increase the
efficacy of RT/TMZ (Fig. 3B), so PL combined with RT/
TMZ was considered as the further experimental pro-
tocol. Interestingly, RT/TMZ/PL regimen achieved LTS
in 25% of G422™-mice (2/8) (Fig. 3D F). GSH com-
pletely abolished RT/TMZ/PL synergized efficacy and
no G422™-mice survived over 35 days (Fig. 3E), similar
to surgery/RT/TMZ/PL regimen (Fig. 3B). The tumor
size on day 14 also verified the synergized efficacy of RT/
TMZ/PL and the inhibitory effect of GSH (Supplemen-
tary Fig. 2). These results demonstrated that PL effec-
tively enhanced RT/TMZ efficacy of G422™-GBM by
targeting ROS or GSH.

Finally, all three LTS mice obtained from the above
were subject to rechallenge test. 5x10* G422™-cells
were implanted into left striatum of LTS mice or nor-
mal mice (control). BLI at day 7 p.i. verified the growth
of G422™-tumors in all mice (Fig. 3G). Only one LTS
mouse from the RT/TMZ/PL group (1/2) survived over
100 days p.i., while all other G422™-mice died within
20 days p.i. (Fig. 3H); when mannose was administered
in combination with RT/TMZ (Fig. 3I), there were
two LTS mice, both of which died within 20 days when
rechallenged (Fig. 3] K), indicating that RT/TMZ/man-
nose is less effective than RT/TMZ/PL. These results
demonstrated RT/TMZ/PL achieved the achievement of
immune cure in these LTS mice.

PL restores RT/TMZ-reduced ROS and augments oxidative
damage in G422™-tumor via reprograming ROS modulator
genes

Since PL-induced ROS accumulation is the major mecha-
nism for its cytotoxicity [17], we first measured ROS level
in orthotopic G422™-tumors. DHE staining revealed
that ROS level in G422™-tumor tissue was much higher
than that of normal brain tissue (Fig. 4A and B), reflect-
ing the rapid growth and high energy metabolism of
G422™_cells. PL monotherapy further increased ROS
levels, while RT/TMZ therapy prominently reduced ROS
level. RT/TMZ/PL restored ROS level compared to RT/
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Fig. 2 PL prominently improves TMZ and surgery/TMZ efficacy in G422™-mice. A Schematic diagram depicting the Piperlongumine (PL), TMZ chemo-
therapy (TMZ), or their combined regimen started on day 7 p.i. PL, 10 doses of PL with once oral gavage of 5 ug/g. B and CThe Kaplan-Meier survivals and
body weight changes of the G422™-mice with PL, TMZ, or TMZ/PL treatment started on day 7 p.i. (n=8/group). D and E Representative bioluminescent
images and statistical analysis of the ROI values of the intracranial tumors monitored on day 18 p.i. (n=8/group). F Schematic diagram of the surgery,
PL, TMZ chemotherapy (TMZ), or their combined regimen started on day 7-8 p.i.G and H The Kaplan-Meier survivals and body weight changes of the
G422™-mice with surgery, PL, TMZ, or their combined regimen started on day 7-8 p.i. (n=8-10/group). (*P< 0.05; **P <0.01; ****P < 0.0001)

TMZ group, while this effect could be completely abol-
ished by supplementing GSH (Fig. 4A, B, Supplementary
Fig. 3 and Supplementary Fig. 4).

To explore the mechanisms that balance ROS level, we
systemically analyzed ROS metabolism genes by utiliz-
ing RNA-seq data of subcutaneous G422™-tumors upon

PL, RT/TMZ or RT/TMZ/PL treatments and identified
the DEGs between the treatments and control (i.e. PL
versus Control, RT/TMZ versus Control or RT/TMZ/PL
versus Control) (Fig. 1], and Supplementary Fig. 5A-B).
Among DEGs, we compared the expression profile of the
6 ROS,,, and the 21 ROS,, signature genes (Figs. 1] and

gen sca
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Fig. 3 PL prominently improves surgery/RT/TMZ and RT/TMZ efficacy to achieve long-term survival and immune cure in G422™-mice. A Schematic
diagram depicting the surgery, Piperlongumine (PL), RT, TMZ chemotherapy (TMZ), GSH, or their combined regimen started on day 7-8 p.i. GSH, 10 doses
of GSH with once oral gavage of 400 pg/g. B and C The Kaplan-Meier survivals and body weight changes of the G422™-mice with surgery, PL, RT, TMZ,
GSH, or their combined regimen started on day 7-8 p.i. (n=_8/group). D Schematic diagram of the PL, RT, TMZ, GSH, or their combined regimen started
on day 7 p.i.E and F The Kaplan-Meier survivals and body weight changes of the G422™-mice with PL, RT, TMZ, GSH, or their combined regimen started
onday 7 p.i. (n=7-8/group). G and H Representative bioluminescent images and the Kaplan-Meier survivals of control (n=3), RT/TMZ/PL (LTS, n=2) and
surgery/RT/TMZ/PL (LTS, n=1) group during rechallenge. | Schematic diagram depicting the mannose, RT, TMZ, or their combined regimen started on
day 7 p.i.. J Two of eight G422™-mice achieved LTS in RT/TMZ/Mannose group, and were further subjected to rechallenging assay. BLI showed the pres-
ence of G422™-tumor in control (n=7) and LTS (n=2) mice. K The Kaplan-Meier survival curves showed no difference between control and LTS group

during rechallenge phase. (*P < 0.05; ns, not statistically significant)
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4 C, 4D and Supplementary Fig. 5C). PL group showed
an apparently different pattern to that of RT/TMZ group,
especially the expression of ROS,, genes such as Gpx2,
Gpx3, and Sod3. Among all signature genes, only Gpx2
was reversely downregulated upon PL treatment (indi-
cated by a red box) (Fig. 4D). In RT/TMZ/PL group,
only Duox2 was reversely upregulated as compared to
RT/TMZ group. While compared to PL group, Gpx2
and Duox2 were simultaneously reversed in RT/TMZ/
PL group (Fig. 4D), partly explaining that the ROS level
of RT/TMZ/PL group was between PL and RT/TMZ
group. Quantitative real-time PCR and Western blotting
analysis were further used to verify the DGEs of bioinfor-
matics analysis. More than 90% of the DGEs were con-
sistent with the trend of bioinformatics analysis of our
RNA-seq data (Fig. 4E and Supplementary Fig. 6A-B).
Furthermore, we analyzed the correlation between ROS
signature genes and OS of GBM patients by utilizing the
CGGA database (Supplementary Fig. 7 and Supplemen-
tary Table 6). The results revealed the changes of ROS
signature genes (i.e., Gpx2, Duox2) were in line with our
RT/TMZ-treated G422™-tumors.

We then evaluated oxidative stress damaging effect of
potential excessive ROS in PL, RT/TMZ or RT/TMZ/
PL-treated G422™-tumors. The enrichment score con-
taining all signature genes in oxidative stress pathway
showed that PL and RT/TMZ/PL therapy significant pos-
itively correlated to oxidative stress. The more significant
enrichment score in RT/TMZ/PL group demonstrated
that PL and RT/TMZ synergistically escalated oxida-
tive stress (Fig. 4F). To quantitatively evaluate therapeu-
tic effects of RT/TMZ/PL-activated oxidative stress, an
enrichment ssGSEA score [24] was calculated based on
20 oxidative stress signature genes (Fig. 4G), which were
generated by taking intersection between genes posi-
tively regulating the oxidative stress pathways and DEGs
upregulated in RT/TMZ/PL group (vs. control). Thus,
this normalized ssGSEA score was an oxidative stress sig-
nature of RT/TMZ/PL therapy. In clinical cohorts from
TCGA and CGGA database, a higher ssGSEA score was
associated with better OS (GBM+LGG) (Fig. 4H and I),
LGG (vs. GBM) (Fig. 4]) and less malignant GBM sub-
types (neural and proneural) (Fig. 4K), supporting that
RT/TMZ/PL-activated oxidative stress is a therapeutic
parameter. Although ROS generation gene Duox2 was
specifically upregualted by RT/TMZ/PL, Duox2 alone did
not contributed to oxidative damage (evaluated by ssG-
SEA score) (Fig. 4L and M), suggesting the increased oxi-
dative damage in RT/TMZ/PL-treated G422™-tumors
are likely an imbalance net effect of all ROS generation/
scavenging genes.
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PL synergizes RT/TMZ to upregulate inflammatory
responses and antigen presentation signatures in
G422™-tumors

Then, we verified the effects of RT/TMZ/PL-activated
oxidative stress damage by invasive index, TUNEL and
Ki-67 staining in intracranial G422™ tumors (Fig. 5A).
In control group, Ki-67* cancer cells were prominent,
consistent to the rapid growth and high level of ROS in
G422™_tumors. PL monotherapy significantly decreased
the invasion of cancer cells but did not affect their pro-
liferation and apoptosis (Fig. 5B). RT/TMZ therapy evi-
dently reduced Ki-67" cells, invasive cells and slightly
increased TUNEL" cells. PL synergized RT/TMZ to fur-
ther reduce G422™-cell proliferation and invasion, and
increase apoptosis, consistent to the ROS restoration
and activated-oxidative stress signature; administration
of GSH completely reversed RT/TMZ/PL-synergized
effects, verifying the mechanisms of ROS and related oxi-
dative stress damage (Fig. 5B).

A breakthrough efficacy of RT/TMZ/PL in
G422™ tumors is immune cure but GSH could com-
pletely abolish this cure (Fig. 3E), strongly indicat-
ing a causative role of ROS/oxidative stress in immune
responses. To explore the underlying mechanisms, we
analyzed the potential effects of RT/TMZ/PL-induced
oxidative stress signature (i.e., aforementioned ssG-
SEA score) on human GBM gene expression profiles.
KEGG analysis of upregulated genes in high oxidative
stress signature GBM group in TCGA database showed
that the immune-related pathways, such as cytokine-
cytokine receptor interaction and chemokine signal-
ing pathway, were significantly enriched (Fig. 5C). Thus,
RT/TMZ/PL-activated oxidative stress signature genes
is positively associated with cytokine-induced immune
responses in GBM. Then, we exploited RNA-seq data of
G422™-tumors to identify RT/TMZ/PL-induced key
immune responsive molecules or signals. Upregulated
(Fig. 5D) or downregulated (Supplementary Fig. 8A)
genes (DEGs) in PL, RT/TMZ or RT/TMZ/PL-treated
G422™_tumors (vs. control) were subjected to the
KEGG enrichment analysis. The downregulated DEGs in
each treatment group were all mainly enriched to neu-
ronal development (Supplementary Fig. 8B); the upreg-
ulated DEGs in the three treatment groups, however,
were enriched to different pathways. Only in RT/TMZ/
PL group, upregulated DEGs were strikingly enriched
to immunoregulatory responses such as regulation of
cytokine production and leukocyte cell-cell adhesion or
migration (Fig. 5E); while in RT/TMZ group or PL group,
upregulated DEGs were enriched to immune-unrelated
items or metabolic process (Supplementary Fig. 8C and
D). Comparing to RT/TMZ group, upregulated DEGs in
RT/TMZ/PL were also significantly enriched to cytokine-
cytokine receptor interaction (Fig. 5F).
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Fig. 4 PL restores RT/TMZ-reduced ROS and augments oxidative damage in G422™-tumor via reprograming ROS modulator genes. A Representa-
tive DHE staining of ROS levels in control, PL, RT/TMZ, RT/TMZ/PL, RT/TMZ/PL/GSH group of G422™-mice. Upper panel: whole brain figures. Scale bar,
500 um. Lower panel: partial graphs. Scale bar, 100 um. (n=3). B Statistical analysis of ROS levels in control, PL, RT/TMZ, RT/TMZ/PL, RT/TMZ/PL/GSH
group of G422™-mice. (n=3). C Gene expression of ROS generating and scavenging genes of all samples, the bar above the heatmap represents the
group information, and the bar on the right of the heatmap represents the category of genes. D Fold changes of gene expression of ROS generating and
scavenging genes in different comparison (PL treatment vs. control, top) and (RT/TMZ/PL treatment vs. control, bottom). E gRT-PCR showing the mRNA
expression of ROSgen (Duox2, Duox1, Ncf1, Ncf2) and ROS,, signature genes (Gpx2, Txnrd2, Gpx3, Fth1). (n = 3). F Enrichment plot of ranked genes illustrating
the enrichment of oxidative stress in different condition including PL treatment vs. control, RT/TMZ treatment vs. control, and RT/TMZ/PL treatment vs.
control. G The heatmap of genes related to oxidative stress. H and I Patient survival in high oxidative signature group vs. low oxidative signature group
of TCGA (H) LGG&GBM dataset, and CGGA () LGG&GBM dataset. J The boxplot illustrating ssGSEA score of the oxidative signature induced by RT/TMZ/
PL treatment in different glioma types of TCGA dataset (Student’s t-tests). K The boxplot illustrating ssGSEA score of the oxidative signature induced by
RT/TMZ/PL treatment in different GBM subtypes of TCGA dataset (Student’s t-tests). L and M Correlation between Duox2 expression and the oxidative
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statistically significant)
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Specifically, many RT/TMZ/PL-upregulated genes
were listed in antigen presentation, IFN gamma signature
and inflammatory responses (Fig. 5G H and Supplemen-
tary Fig. 9A-C). We constructed a RT/TMZ/PL signature
using ssGSEA method based on the top 50 upregulated
DEGs in RT/TMZ/PL group (Supplementary Table 7).
The RT/TMZ/PL signature was positively correlated with
the antigen presentation, IFN gamma and inflammatory
responses signature, respectively (Fig. 5I). Further, the
enrichment score containing all signature genes showed
that RT/TMZ/PL therapy significantly positive corre-
lation to IL-6 signaling, interferon and inflammatory
responses (vs. control) (Fig. 5]). These results together
supported that RT/TMZ and PL synergistically induced
G422™-tumor gene reprogramming toward inflamma-
tory immune responses.

RT/TMZ/PL reshapes immunosuppressive
microenvironment to induce CD8* T cells infiltration in
G422™-tumors
Successful immune therapy requires a hot tumor micro-
environment and CD8" T cells immunity, however, GBM
is highly immunosuppressive and deficient in CD8" T
cells [28, 29]. We evaluated the effects of PL, RT/TMZ
and RT/TMZ/PL on immune cell components/compo-
sition in G422™-tumors by analyzing corresponding
RNA-seq data: macrophages were predominant in all
groups; PL monotherapy mainly increased CD4" T cells
and dendritic cells; RT/TMZ mainly increased mac-
rophages; while RT/TMZ/PL mainly increased CD8*
T cells (Fig. 6A C and Supplementary Fig. 10). Since
tumor-associated macrophages (TAMs) were the major-
ity of immune cells in G422™-tumors and highly het-
erogeneous, we further analyzed the composition of
four TAMs subsets, i.e., hypoxic, IFN, lipid and transi-
tory TAMs, which have been defined by single cell RNA
sequencing in mouse glioma models [30]. The heatmap
showed that upregulation of IFN TAMs signature genes
in RT/TMZ/PL group was more evident compared to
other TAMs subsets (Fig. 6D). Among the four subsets,
only IFN TAMs were significantly increased in RT/TMZ/
PL group compared to RT/TMZ group (Fig. 6E). In addi-
tion, the immune inhibitory checkpoint PD-1/PD-L1 pair
was upregulated in RT/TMZ/PL group (Fig. 6F and G).
Finally, we verified the effects of RT/TMZ/PL on CD8"
T cells infiltration in intracranial G422™-tumors. IHC
results demonstrated that CD3" and CD8" T cells were
evidently increased in tumor periphery and inner areas
of RT/TMZ/PL group compared to all other groups,
while CD4" T cells were slightly increased and Treg cells
were not altered (Fig. 6H K and Supplementary Fig. 11).
Although the few immune cells in the brain limit the
use of flow cytometry (FCM) (Supplementary Fig. 12A),
ECM of spleen cells in orthotopic G422™-mice showed
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that CD4" T cells increased and CD8" cells decreased in
RT/TMZ and RT/TMZ/PL groups (vs. control) (Fig. 6L,
Supplementary Fig. 12B and C). These results together
suggested that PL effectively synergized RT/TMZ to turn
the “cold” tumor immunosuppressive microenvironment
(TIM) to “hot” antitumor microenvironment via IFN
TAM-related inflammation, thus promoted CD8" T cells
infiltration in GBM.

aPD1 synergizes RT/TMZ/PL but not RT/TMZ to achieves
substantial immune cure in G422™-mice

Although RT/TMZ/PL combined regimen achieved
immune cure in G422™-mice, the efficacy was only
around 10% (Fig. 3). The conversion of “cold” to “hot”
immune microenvironment by RT/TMZ/PL is a strong
favorable indicator for aPD1 immunotherapy [31]. We
examined the efficacy of aPD1 in combination with PL,
RT/TMZ and RT/TMZ/PL therapies started on day 7
p.i. in orthotopic G422™-mice (Fig. 7A C). aPD1 mono-
therapy did not improve the animal survival (Fig. 7B).
aPD1 plus PL showed similar efficacy as PL alone, and
had no synergistic effect on OS. aPD1 plus RT/TMZ sig-
nificantly prolonged OS with one (1/8) animal achieving
LTS, similar to the efficacy of RT/TMZ/PL regimen. Sur-
prisingly, aPD1 synergized RT/TMZ/PL achieved 50% of
LTS in G422™-mice, significantly prolonging animal sur-
vival compared to other groups (Fig. 7B).

All animals achieving LTS from RT/TMZ/PL (one
mice), RT/TMZ/aPD1 (one mice) and RT/TMZ/PL/
aPD1 (four mice) groups were subjected to further
rechallenge assay (Fig. 7D and E). Only two mice (50%)
from the RT/TMZ/PL/aPD1 group passed the rechal-
lenge phase (>100 days). These results demonstrated that
RT/TMZ/PL/aPD1 regimen was an effective immuno-
therapy for highly refractory G422™-GMB.

Discussion

In the present study, we discovered that prominent glu-
tathione metabolism alteration, in line with early ROS
decrease, occurred much earlier than accelerated tumor
growth during RT/TMZ therapy by using a novel refrac-
tory mouse G422™-GBM preclinical model. Targeting
to ROS, PL synergized RT/TMZ, surgery/TMZ or sur-
gery/RT/TMZ to prolong animal survival with LTS, and
the former regimen achieving immune cure (survived
over 100 days during the rechallenge phase) in ortho-
topic G422™-mice; otherwise, all G422™-mice died
within 35 days. Mechanistically, RT/TMZ/PL synergis-
tically enhanced oxidative stress-inflammation-immu-
nity, increased apoptosis, inhibited cell proliferation,
enhanced CD3"/CD4*/CD8" T-lymphocyte infiltration
in G422™_tumors. Importantly, RT/TMZ/PL in combi-
nation with aPD1 immunotherapy further doubled the
cured G422™-mice (50% LTS and 25% immune cure)
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compared to RT/TMZ/PL. GSH completely abolished
PL-synergized efficacy, demonstrating that PL conquered
RT/TMZ-resistance via elevating ROS level. Therefore,
RT/TMZ/PL/aPD1 is likely a highly reliable regimen for
improving GBM patient OS or even cure.

We discovered that early dysregulated ROS decrease
is a key player that restrains RT/TMZ efficacy in GBM.

ROS plays dual roles in promoting cancer development
and killing cancer cells depending on ROS concentra-
tion and cellular context [16, 32]. It is known that can-
cer cells maintain much higher ROS levels than normal
cells, which are critical for its high proliferation rate,
accelerated metabolism and tumor progression [16].
Therefore, it is fundamentally important for cancer
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cells to balance the ROS levels with further oxidative
damage that cells can bear [11, 16]. However, how can-
cer cells deal with such oxidative pressure is complex
and remains incompletely understood. Tumor cells
are adapted to ROS-driven proliferation under condi-
tions where this oxidative burden pushes redox balance
away from a reduced state, achieved by increasing their
antioxidant status [11, 16]. It is hypothesized that can-
cer cells contain a higher balanced ROS/antioxidants
level, which contributes to their acquiring of MDR dur-
ing therapy; on the other hand, further increase ROS by
drugs is considered as an important therapeutic strategy
to overcome MDR of cancer cells [11]. In our intracra-
nial G422™-GBM model, most G422™-cells on day 9
p.i. possessed a much higher ROS level than their neigh-
boring normal cells but cell death was scarce (Figs. 4 and
5), suggesting that G422™-cells had achieved a higher
balanced level of ROS/antioxidants along rapid tumor
growth (large amounts of Ki-67-positive G422™-cells).
PL monotherapy did not significantly increase apopto-
sis in G422™-cells as expected (Figs. 4 and 5), suggest-
ing that ROS-damaging defense mechanisms were also

further escalated. Further, PL only increased the inva-
sion of G422™-cells, might related to its low therapeu-
tic dose [33]. Previous studies have also reported that
radiation and chemotherapy including TMZ killed can-
cer cells in vitro by augmenting ROS/oxidative stress
[34, 35]. To our surprise, RT/TMZ prominently reduced
ROS level in intracranial G422™-cells after 3-days of
therapy although apoptotic cells were increased (Figs. 4
and 5). Consistent to the ROS decrease, 2-days of RT/
TMZ treatment significantly altered GSH metabolism in
subcutaneous G422™-tumors (Fig. 1). Since GSH is the
major antioxidant, while upregulation of ROS elimination
enzymes (ROS, ) is a feature of MDR cancer cells, we
speculated that ROS, , overexpression contributed to the
ROS decrease, thus limited RT/TMZ-induced cytotoxic-
ity and induced G422™-cell MDR. It is well known that
PL induces ROS accumulation via depleting GSH in can-
cer cells [36, 37], so we tested whether PL may surmount
MDR of G422™-cells and sensitize RT/TMZ efficacy
or not. Indeed, RT/TMZ/PL significantly resumed ROS
level and further enhanced apoptosis in G422™-tumor
compared to RT/TMZ, while GSH completely reversed
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PL-synergized effects (Figs. 3, 4 and 5). Although the
average ROS level of G422™-cells in RT/TMZ/PL group
did not exceed that in PL or control groups, apoptotic
cells in RT/TMZ/PL group were the highest among all
groups, strongly indicating that the ROS toxic threshold
level in RT/TMZ-treated G422™-cells was much lower
than that in untreated or PL-treated G422™-cells. Thus,
targeting dysregulated ROS decrease by ROS inducer
early during RT/TMZ therapy is the key for sensitizing
RT/TMZ efficacy in refractory GBM.

PD-1/PD-L1 is the most concerned immune check-
point, and its upregulation is significantly correlated with
the TIM [38], prompting us to further explore the effi-
cacy of aPD1 combined with RT/TMZ/PL therapy. RT/
TMZ/PL and RT/TMZ/PL/aPD1 regimens can achieve
efficient immune cure in highly refractory preclinical
G422™-GBM model, hence deserving a priority for clini-
cal trials. It was estimated that the age of mice after adult
was around 1/25 of human being. So the median sur-
vival of the untreated and RT/TMZ-treated G422-mice
(Figs. 2 and 3) are slightly longer than but very close to
that of the untreated and RT/TMZ-treated GBM patients
[4]. PL-combined RT/TMZ showed most effective com-
pared to other combinations and achieved LTS (corre-
sponding to 6.9 years in human) in 25% of G422™-mice.
It is therefore rational to speculate that the RT/TMZ/PL
regimen might greatly enhance the 5-year survival rate
of GBM patients, which under current conventional RT/
TMZ therapies is merely 9.8% [4]. Importantly, one of
the 2 LTS mice passed the rechallenge phase (survived
over 100 days), demonstrating RT/TMZ/PL therapy truly
cured G422™-GBM. More excitingly, RT/TMZ/PL plus
oaPD1 doubled the numbers of both LTS mice (50%) and
immune-cured mice (25%). While RT/TMZ plus aPD1
could not achieve immune cure (Fig. 7). Clearly, RT/
TMZ/PL therapy had remolded the tumor microenviron-
ment, which greatly facilitated aPD1 efficacy in immune-
resistant GBM.

PL improved RT/TMZ efficacy in G422™-mice mainly
via activating oxidative stress pathways. RT/TMZ/PL-
activated oxidative stress damaging makers (i.e., ssGSEA
score) significantly correlated to human GBM malig-
nancy and better OS in patients. Consistent to the acti-
vation of oxidative stress pathways, PL synergized RT/
TMZ to upregulate most of ROS,, and ROS,, signature
genes (vs. all other groups, Fig. 4). Only second to RT/
TMZ/PL group, RT/TMZ group showed evident overall
ROS,,, and ROS,, gene upregulation (vs. PL and control)
(Fig. 4D). Consistent to our model, RT, TMZ or RT/TMZ
therapy upregulated most of ROS,,, and ROS, genes
in human LGG and GBM (Fig. 1I). Since ROS level was
prominently reduced in RT/TMZ-treated G422™-tumor,
ROS is not likely the direct killer of G422™-cells herein.
However, oxidative stress pathway or damaging genes
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were activated or induced by RT/TMZ as most ROS,,,
and ROS,, genes were upregulated, which may reduce
ROS toxic threshold in G422™-cells. Thus, further ROS
increase via PL could exacerbate oxidative stress damage
in G422™cells on the basis of RT/TMZ therapy, result-
ing in a further decrease in proliferation and increase in
apoptosis of G422™-cells (Fig. 5A-B). While the toxic-
ity threshold of ROS in PL monotherapy is relatively
high, which mainly affect the migration and invasion
ability of G422™-cells (Fig. 5A-B). Although altera-
tions of Gpx2 and Duox2 expression were most evident
in PL or RT/TMZ/PL group, only SOD2 among all the
27 ROS,,/ROS,, genes showed significant correlation
to OS of GBM patients (Supplementary Fig. 5). Clearly,
activation of oxidative stress in RT/TMZ/PL-treated
G422™_cells reflects the collaborating effects of lots of
genes in ROS metabolism.

RT/TMZ/PL-activated oxidative stress not only
induced apoptosis but also reshaped TIM via inflamma-
tion in intracranial G422™-tumors, which greatly con-
tributed to immune cure of G422™-mice. Bulk RNA-seq
data clearly showed that RT/TMZ/PL therapy highly
upregulated genes in inflammation-associated pathways
including cytokine production and NLRP3 inflammation,
positively correlating to oxidative stress activation. The
prominent upregulation of inflammation pathways in RT/
TMZ/PL-treated G422™-tumors was positively corre-
lated to the increase of TAMs, which are the most abun-
dant immune cell types in human GBM [39]. Further,
RT/TMZ/PL increased IFN TAMs specifically compared
to RT/TMZ, although other TAMs subtypes were also
increased compared to PL or control group. IFN TAMs
are most likely overlapping with previously M1-like
TAMs, as both of them produce similar profiles of pro-
inflammatory cytokines such as Statl, Cxcl9 and Cxcl10
[40, 41], and positively correlate to NLRP3 inflamma-
tion pathway activation [42, 43]. It is known that inflam-
mation and TAMs are key players in reshaping TIM. In
RT/TMZ/PL-treated G422™-tumors, the simultaneous
upregulation of “Antigen presentation” signature genes,
CD8" T cell markers and PD-1/PD-L1 genes supported
that RT/TMZ/PL-activated inflammation and TAMs
had converted the “cold” immune microenvironment to
a “hot” one [44, 45] in G422™-tumors. Finally, the “cold”
to “hot” immune microenvironment transformation was
verified by prominent increase of CD3" and CD8" T-cells
in RT/TMZ/PL-treated G422™-tumors. T cells are vital
components of tumor microenvironment with different
subtypes and grade-dependent spatial heterogeneity in
glioma [46]. The increase of CD8" T cells might be the
truly therapeutic cells for immune cured G422™-mice in
RT/TMZ/PL group. Accompanying CD8" T cell infiltra-
tion, the immune suppressive PD1/PL-L1 axis [47] was
upregulated. The supplement of aPD-1 abolished the



Liu et al. Journal of Experimental & Clinical Cancer Research

(2023) 42:118

Page 17 of 19

ROS?t(ROSgent /ROSscat ) Invasion} = >
0S 1-2 days?t 50% LTS
25% immune cure
CD3* T cells
CD4* T cells a
\ CD8* T cells %
RT/TMZ/PL Cell proliferation}) DY
ROS- (ROSgertt/ROSscattt) ® 5 7 Apoptosistt o
Oxidative stress damageft P— ;)550/>I1_$§ay51

Antigen presentationtt

RT/TMZ

=t
O
o
o
o)
2
o
i =
=
@)

ROSIH(ROSgent/ROSscalt) J

12.5% immune cure

+ IFN TAM/Inflamation

Oxidative stress damage’
Antigen presentationt

Fig. 8 Schematic diagram of the article summary

effect of PD1/PL-L1 pair on killing T cells. Meanwhile,
we further explored the effect of RT/TMZ/PL therapy on
peripheral immunity. Flow cytometry showed that CD4*
T cells increased and CD8" T cells decreased in spleen
of G422™-mice, the former in line with the changes dur-
ing therapy [48]. Decrease of CD8" T cells might contrib-
ute to its increase into in situ GBM tissue, which were
inactivated in the TIM created by RT/TMZ. Surpris-
ingly, PL did not increase the efficacy of RT/TMZ in the
periphery, where PL further increased CD4" T cells and
decreases CD8" T cells, hinting PL might act primarily
in the center. Anyway, there is no doubt that RT/TMZ/
PL/aPD1 greatly augmented effect of immune cure in
G422™-mice.

Conclusion

In summary, the rapid growth of G422""-tumor is
accompanied by ROS overproduction, ROS,,/ROS,,
upregulation and oxidative stress but its cytotoxicity is
under control. RT/TMZ exerted its therapeutic effects
via suppressing cell proliferation (major) and induc-
ing apoptosis (minor), which was accompanied by

2TN

TAMs increase/transformation and oxidative stress
activation  (including  ROS,,,/ROS,., upregulation),
reshaping tumor microenvironment toward pro-

inflammatory; however, ROS production was greatly
reduced as a result of prominent cell proliferation sup-
pression, which restrained oxidative stress damage. PL
specifically induced ROS accumulation via inhibiting
antioxidant activity and reprograming ROS,,/ROS,,
expression profile, which slightly improved efficacy. RT/
TMZ/PL combinations resumed ROS level by resetting
ROS,,,/ROS,,, exacerbated oxidative stress-induced cell
death, enhanced inflammatory and immune responses

Invasion{ ~{
Cell proliferation}y —~ < =
ApoptaEiet 0S 10 dayst

(including IFN TAMs, CD8" T cells), thus converted
“cold” tumor microenvironment to “hot” and produced
curable efficacy (Fig. 8). aPD-1 blocked RT/TMZ/PL-
induced PD-1/PD-L1 inhibitory function, thus RT/TMZ/
PL/aPD1 achieved 50% of cure or 25% of immune cure in
G422™-mice. These results verified the refractoriness of
GBM and strongly suggest clinical trials of RT/TMZ/PL/
aPD1 regimen in GBM patients.

Abbreviations

aPD1 anti-PD-1 antibody immunotherapy
BLI bioluminescent imaging

DHE dihydroethidium

DM differential metabolite
G422™-GBM  triple-negative G422-GBM

GBM glioblastoma multiforme

GSH glutathione

LGG lower grade glioma

LTS long-term survival

MDR multidrug resistance
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PI piperlongumine

oS overall survival

ROS reactive oxygen species

ROSgen ROS generation signature genes
ROSsca ROS scavenging signature genes
RT/TMZ temozolomide concurrent radiotherapy
sSGSEA single-sample GSEA

TAM tumor-associated macrophage

TIM tumor immunosuppressive microenvironment
WBI whole brain irradiation
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