
Volume 26 Number C April 2022 pp. 100779 1 

Original Research 

Myeloperoxidase exerts anti-tumor 

activity in glioma after radiotherapy 

Muhammad Ali a , b , c ; Giulia Fulci a ; 

Mantas Grigalavicius 

d ; Benjamin Pulli a , e ; Anning Li a ; 

Gregory R. Wojtkiewicz 

a ; Cuihua Wang 

a , e ; 

Kevin Li-Chun Hsieh 

a ; Jenny J. Linnoila 

a , f ; 

Theodossis A. Theodossiou 

d ; John W. Chen 

a , e , # 

a Institute for Innovation in Imaging and Center for Systems Biology, Massachusetts General 
Hospital, Harvard Medical School, Boston, Massachusetts, USA 
b Department of Cancer Immunology, Institute for Cancer Research, Oslo University Hospital 
Radiumhospitalet, Oslo, Norway 
c K.G. Jebsen Center for Cancer Immunotherapy, Institute of Clinical Medicine, University of Oslo, 
Norway 
d Department of Radiation Biology, Institute for Cancer Research, Oslo University Hospital 
Radiumhospitalet, Oslo, Norway 
e Department of Radiology, Massachusetts General Hospital, Boston, Massachusetts, USA 
f Department of Neurology, Massachusetts General Hospital, Boston, Massachusetts, USA 

Abstract 

Background 

Host immune response is a critical component in tumorigenesis and immune escape. Radiation is widely used for glioblastoma (GBM) 
and can induce marked tissue inflammation and substantially alter host immune response. However, the role of myeloperoxidase 
(MPO), a key enzyme in inflammation and host immune response, in tumorigenesis after radiotherapy is unclear. In this study, we 
aimed to determine how post-radiation MPO activity influences GBM and outcome. 
Methods 

We injected C57BL/6J or MPO-knockout mice with 005 mouse GBM stem cells intracranially. To observe MPO’s effects on post- 
radiation tumor progression, we then irradiated the head with 10 Gy unfractionated and treated the mice with a specific MPO 

inhibitor, 4-aminobenzoic acid hydrazide (ABAH), or vehicle as control. We performed semi-quantitative longitudinal molecular 
MRI, enzymatic assays and flow cytometry to assess changes in inflammatory response and tumor size, and tracked survival. We also 

performed cell culture experiments in murine and human GBM cells to determine the effect of MPO on these cells. 
Results 

Brain irradiation increased the number of monocytes/macrophages and neutrophils, and boosted MPO activity by ten-fold in the 
glioma microenvironment. However, MPO inhibition dampened radiation-induced inflammation, demonstrating decreased MPO- 
specific signal on molecular MRI and attenuated neutrophil and inflammatory monocyte/macrophage recruitment to the glioma. 
Compared to saline-treated mice, both ABAH-treated and MPO-knockout mice had accelerated tumor growth and reduced survival. 
We further confirmed that MPO decreased tumor cell viability and proliferation in cell cultures. 

Abbreviations: CNR, contrast-to-noise ratio; MPO, myeloperoxidase; ABAH, 4-aminobenzoic acid hydrazide; Ly-6C, Leukocyte antigen. 
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Conclusion 

Local radiation to the brain initiated an acute systemic inflammat
and the GBM, resulting in increased MPO activity in the tumor
tumor growth and decreased host survival, revealing that elevate
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Introduction 

Glioblastoma (GBM) are devastating and highly lethal tumors [ 1 , 2 ].
These are the most common adult brain tumors and comprise a
heterogeneous group of cells [3–5] with variable proliferating potential,
transcriptional profile, areas of necrosis, hemorrhage and infiltration into
normal brain parenchyma. Surgical debulking is difficult and almost all of the
tumors recur from infiltrating tumor cells that escape surgical margins. GBM
stem cells are particularly resistant to known therapies [6–8] and despite
recent advancements in emerging molecular therapies [9] , patient outcome
has not improved significantly [10] . Median survival time is between 10 to
14.6 months with standard treatment [ 11 , 12 ] and the majority of patients
die within 5 years of initial tumor diagnosis [ 13 , 14 ]. 

Radiotherapy is an essential component of standard treatment regimens
for GBM [15] . After debulking surgery, patients undergo daily radiation
treatment for 4 to 6 weeks. Radiation induces a significant host response,
including direct DNA damage, reactive oxidation species formation [16] ,
and cellular inflammation [17] . It can also prime antigen-presenting cells
against tumor antigens [18] and initiate adaptive immune responses [19–21] .
One of the key components of the host immune response is myeloperoxidase
(MPO). MPO is a highly oxidative and inflammatory enzyme abundant in
neutrophils and inflammatory monocytes (Ly-6C 

high ) [22] , which infiltrate
tumor margins [23] . MPO uses H 2 O 2 as a substrate to generate a wide
range of oxidative species, including converting Cl − into hypochlorous acid
(HOCl), a highly oxidizing agent [24] . MPO has been utilized experimentally
as an imaging biomarker to differentiate therapy-induced inflammation from
tumor recurrence [23] . The role of MPO in tumors is currently unclear, as
it has been postulated to be both pro- [ 25 , 26 ] and anti-tumorigenic [27] .
Although under chronic inflammatory conditions MPO promotes tumor
growth [25] , it is unknown what roles MPO plays in the context of the
acute inflammation that follows radiation therapy. It is possible that by
creating a highly oxidative and inflammatory microenvironment, MPO may
be an important part of the innate immune response to help check tumor
growth. 

In this study, we investigated the role of MPO in radiation-induced
inflammation and how MPO modulation affected tumor growth and survival
in an immunocompetent mouse model of GBM stem cells [28] . This
orthotopic syngeneic tumor model was chosen because the resultant tumor is
pliable and infiltrates freely into the surrounding parenchyma with associated
hemorrhage, necrosis, and loss of the blood-brain barrier – hallmarks
of aggressive grade IV disease. We hypothesized that radiation recruits
inflammatory myeloid cells and increases MPO enzymatic activity in the
tumor microenvironment. Modulation of this elevated MPO activity could
change tumor outcome and this knowledge could be utilized to generate
future targeted therapies against GBM. 
ory response with increased MPO-carrying cells both in the periphery 
 microenvironment. Inhibition or absence of MPO activity increased 

d MPO activity after radiation has an anti-tumor role. 

mor microenvironment 

ethods 

All protocols for animal experiments were approved by the Institutional 
nimal Care and Use Committee (IACUC) at Massachusetts General 
ospital, Boston, MA and performed in accordance with the Declaration 

f Helsinki. 

nimal models 

8 to 12 weeks old wildtype male C57BL6/J mice (n = 63, Jackson
aboratories, RRID: IMSR_JAX:000664) and B6.129 × 1-Mpo tm1Lus /J 

PO knockout (MPO-KO) mice (n = 5, Jackson laboratories, RRID: 
MSR_JAX:004265) were used for the experiments. Intracranial tumors were 
nduced using stereotactic brain injection in the right cerebral hemisphere. 
riefly, mice were anesthetized with intraperitoneal pentobarbital (50mg/kg) 
nd positioned on a stereotactic frame. A longitudinal incision was made in 
he skin and skull was exposed. A small burr hole was made 3 mm lateral to
he sagittal suture and 2 mm caudal to the coronal suture. Care was taken to
void visible blood vessels directly underneath the burr hole. Approximately 
0,000 to 60,000 mouse 005 GBM stem cells (donated courtesy of Dr. 
amuel D. Rabkin, MGH, Boston, MA) [28] in 2uL of PBS were slowly
njected intracranially with a Hamilton syringe. After waiting 4-5 minutes 
o equilibrate intra-cranial pressures, the needle was then slowly removed and 
he burr hole was sealed with bone wax, followed by skin closure with sutures.
or intra- and post-procedure analgesia, mice were injected with 0.1 mg/kg 
ubcutaneous buprenorphine (Reckitt Benckiser Richmond, VA) twice daily 
or 2 days. 

n vitro cultures of the cell lines 

005 GBM stem cells were grown in DMEM F12 culture medium 

Life technologies) supplemented with L-glutamine (2mM, CellGro), N2 
upplement (1%, Gibco), human recombinant fibroblast growth factor-2 (20 
g/ml, PeproTech), human recombinant epidermal growth factor (20 ng/ml, 
&D systems), and were routinely tested for mycoplasma contamination. 
or in vitro tumor sphere formation assay, 005 tumor spheroids were first 
issociated into single cells with the help of 0.25% Trypsin-EDTA solution 
Sigma-Aldrich). Cells were then cultured in complete media containing 
lucose oxidase in triplicates in the presence and absence of 1 U/mL of
urified human MPO (Lee Biosolutions) for three to four days before being 
bserved by microscopy. 

LN18 and M059K human GBM cells were cultured using RPMI 1640 
Sigma-Aldrich) supplemented with 10% FCS (Thermo Fisher Scientific), 
00 U/mL penicillin, 100 μg/mL streptomycin (Sigma-Aldrich), and 2mM 

-Glutamine (Sigma-Aldrich) at 37 °C in a 5% CO 2 humidified atmosphere. 
ells were seeded into 96-well plates (Thermo Fisher Scientific) at a density 
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of 5000 cells/well for 12h before the incubation with 1U/mL MPO (Sigma-
Aldrich) either in complete media or media containing 20% (v/v) of
physiological NaCl solution (0.9%; Braun Melsungen AG). To analyze
confluence as a surrogate for cell proliferation, the cells in the cultures were
monitored by the IncuCyte® ZOOM live cell imaging system [29] (Essen
Bioscience, Hertfordshire, UK). Cell proliferation was tracked for at least
72h. The confluence data is presented as a mean value of at least five
parallel measurements ± standard error (SE). Cell viability was assessed by
MTT assays at the end of MPO incubation period (72h) where all the
solutions of the treatment phase were replaced by complete media containing
0.5mg/mL MTT (Sigma-Aldrich). The MTT containing media was replaced
by 100uL/well of DMSO (Sigma-Aldrich) after 2h of incubation to dissolve
formazan crystals. Finally, the absorbance measurements were performed at
561nm in the Tecan spark M10 plate reader. The viability data is presented
as a mean value of at least five parallel measurements ± standard deviation
(SD). 

Mice irradiation 

One or two weeks after tumor injection, mice heads were irradiated
to mimic the systemic inflammatory response observed in post-irradiation
clinical settings. Mice were anesthetized as described above and covered in
lead plates such that only the cranium was exposed to the Cesium irradiation
source. Mice were then irradiated with 10 Gy unfractionated to the head
area and were randomized to different experimental groups. No mouse
was excluded from the study. To investigate the post-irradiation effects of
MPO inhibition, mice were intraperitoneally injected twice daily with 40
mg/kg of specific MPO inhibitor ABAH (4- Aminobenzoic acid hydrazide,
Sigma), starting one hour after irradiation until the experimental endpoint
and compared with saline injected mice as controls. For survival analysis of
irradiated mice, data was pooled from two independent experiments. 

In vivo imaging 

To evaluate the effects of MPO inhibitor ABAH, we performed magnetic
resonance imaging (MRI) with MPO-Gd ( bis -5-hydroxytryptamide-
diethylenetriaminepentaacetate-gadolinium) molecular MR agent two weeks
after tumor irradiation. MPO-Gd is an activatable MR imaging agent that
detects extracellular MPO activity in vivo with high specificity and sensitivity
[ 30 , 31 ]. MPO-Gd was synthesized in our laboratory as previously described
[32] . MR imaging was performed by using an animal 4.7-T MR imaging
scanner (Bruker, Billerica, MA) before and after intravenous administration
of MPO-Gd (0.3 mmol/kg). In vivo MPO activation was determined by
calculating the activation ratio (ratio of contrast-to-noise ratios [CNRs]
of lesions at delayed [60 minutes] and early [15 minutes] time points)
[30] . Early enhancement represents leakage through blood-brain barrier
breakdown, whereas delayed enhancement is derived mostly from agent
retention caused by MPO activation [31] . 

To measure intracranial tumor growth non-invasively, mice were also
imaged with the DTPA-Gd (diethylenetriaminepentaacetate-gadolinium)
imaging agent one and two weeks after irradiation. Tumor bi-dimentional
product (cm 

2 ) was measured on axial post-contrast images by multiplying
maximal tumor diameter to a second diameter drawn perpendicular to
it (Macdonald’s criteria [33] ), and compared to those of ABAH-treated
and MPO-KO mice. Both pre- and post-contrast enhanced T1 weighted
images were acquired as previously described [23] and data were analyzed
by investigators blinded to the experimental groups. 

MPO activity assay 

MPO enzymatic activity was measured in the irradiated tumors with
modification of the protocol described previously [34] and compared to
ontra-lateral brain hemispheres without tumor as well as to non-irradiated
umor controls. To ensure that contralateral brains remained free of tumor,
arly radiation was performed on day 7 and mice were sacrificed on day
4 to measure MPO activity. Briefly, mice were transcardially perfused with
0 mL PBS containing 10 U/mL of Heparin. Brains were harvested and
ivided into two halves, (i) ipsi-lateral hemisphere with tumor and (ii) contra-

ateral hemisphere without tumor. The halves were homogenized in a buffer
ontaining 50mM of cetyl-trimethyl ammonium bromide (CTAB, Sigma- 
ldrich) and 50mM of potassium phosphate, sonicated and centrifuged 
t 15,000 g to obtain the tissue extract. Tissue extracts were then diluted
n MPO ELISA dilution buffer followed by incubation in anti-MPO
ntibody coated plates (Hycult Biotech, RRID: AB_10988477) for 1 hour
t room temperature. After washing, MPO activity of captured MPO was
ssessed with a 10-acetyl-3,7-dihydroxyphenoxazine (ADHP, AAT Bioquest, 
unnyvale, CA) peroxidation assay and data was acquired on Safire 2
icroplate reader (Tecan, Durham, NC) at an excitation wavelength of 535

m and an emission wavelength of 590 nm [34] . Protein concentrations of
he extracts were measured with a bicinchoninic acid assay kit (BCA; Thermo
cientific, Waltham, MA) and MPO activity was normalized and reported as
elative fluorescence units (RFU)/sec/mg of proteins. 

low cytometry 

Flow cytometry was performed to quantify leukocyte subsets in non-
rradiated and irradiated mice with and without ABAH treatment. Mice
ere sacrificed one week after radiation and tumor-carrying hemispheres 
ere harvested for preparation of single cell suspensions. Briefly, tumor

issue was minced and passed through a cell 40 μm cell strainer. After
ashing, infiltrating leukocytes were separated for flow cytometry analysis 
y centrifugation through a discontinuous 30-70% percoll density gradient 
35] . Peripheral blood was also collected through cardiac puncture and
BC lysis was performed to purify leukocytes. The following antibodies
ere used in the study: anti-CD45-APC (BD Bioscience, clone 30-F11,
RID: AB_398672); lineage cocktail [anti-CD90-PE, (BD Bioscience, 
lone 53-2.1, RRID: AB_394545); anti-NK1.1-P (BD Bioscience, clone 
K136, RRID: AB_394677); anti-B220-PE (BD Bioscience, clone RA3- 
B2, RRID: AB_10893353); anti-CD49b-PE (BD Bioscience, clone DX5, 
RID: AB_395094); anti-TER-119-PE (BD Bioscience, clone TER-119, 
RID: AB_394986)]; anti-CD11b-APC-Cy7 (BD Bioscience, clone M1/70, 
RID: AB_396772); anti-Ly-6C-FITC (BD Bioscience, clone AL-21, 
RID: AB_394628); anti-F4/80-PE-Cy7 (BD Bioscience, clone C1:A3- 
) and biotin anti-Ly-6G (BioLegend, clone IA8, RRID:AB_1186108). A 

treptavidin-Pacific Orange conjugated secondary antibody was used for 
abeling biotinylated antibodies. 

All leukocytes were identified as CD45 + , and myeloid cells as
CD45 + )(Lin low CD11b high ). From the myeloid cell gate, neutrophils
ere identified as [(Ly-6G 

high Ly-6C 

int )(SSC 

int-high )] while Ly-6C 

high 

onocytes/macrophages (Mo/M �) in brain as [(Ly-6G 

low Ly-6C 

high 

4/80 high )(SSC 

low )] and Ly-6C 

high monocytes in blood and bone marrow
s [(Ly-6G 

low Ly-6C 

high F4/80 low )(SSC 

low )]. The gating scheme utilized on
umor-infiltrating leukocytes is illustrated in SI fig. 1 . Cell numbers of
ifferent cell populations were defined as total viable cell counts multiplied
y the percentages of the respective sub-populations out of CD45 + total
eukocytes. Data for different leukocyte subsets were also reported as the
ercentage of total leukocytes (CD45 + ). Data were acquired on a flow
ytometer (LSR II; BD Biosciences, San Jose, CA) and analyzed with
edicated software (FlowJo, RRID: SCR_008520). 

tatistical analysis 

Results were reported as mean ± standard error of mean (SEM) unless
therwise stated. Unpaired student t test was utilized to compare normally
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Fig. 1. Radiation increases MPO enzymatic activity and MPO carrying leukocytes in the tumor microenvironment. (A) Bar graphs showing increased MPO 

enzymatic activity measured as relative fluorescence units (RFU)/sec/mg of protein in irradiated (IR) tumors compared to non-irradiated (no IR) tumors. CL 

brain: contra-lateral normal cerebral hemisphere devoid of tumor. n = 4/group (B) Flow cytometry dot plots showing neutrophils and lymphocyte antigen 
6C (Ly6C) high monocytes/macrophage (Mo/M �) in irradiated (IR) and non-irradiated (no IR) tumors. SSC: side scatter, Ly6G: lymphocyte antigen 6G. (C) 
Flow cytometry analysis showing neutrophil and Ly-6C 

high monocyte/macrophages (Mo/M �) or monocyte (Mo) cell numbers out of total leukocytes defined 
as CD45 + cells. Cells were isolated from brain tumor (left), peripheral blood (middle) and bone marrow (right) of irradiated (IR) and non-irradiated (no IR) 
mice (n = 4-5/group). Mice were irradiated 14 days after tumor injections and flow cytometry was performed 1 week after radiation. Data plotted as mean ±
SEM. ∗p < 0.05. 
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distributed independent data sets. Whenever appropriate, paired t-test was
employed to compare non-independent variables. Nonparametric Mann-

hitney U test was employed to compare non-normally distributed data
sets. One-way ANOVA with adjustment for multiple comparisons with
Dunnett’s post-test was performed to compare > 2 groups. Survival analysis
was performed by two-sided Log-rank (Mantel-Cox) test. P < 0.05 was
considered to indicate a significant difference. All statistical analyses were
performed with GraphPad Prism 6 (RRID: SCR_002798). 

Results 

Radiation increased MPO enzymatic activity and MPO carrying 
leukocytes in tumor microenvironment 

Compared to the non-irradiated (no-IR) tumors, MPO activity increased
markedly in the irradiated (IR) tumors ( P = 0.03, Fig. 1 A). Interestingly, this
increased MPO activity was localized only to the irradiated tumor-carrying
hemispheres. Contra-lateral normal hemispheres, although subjected to the
same dose of radiation, had minimal MPO enzymatic activity, similar to non-
irradiated tumors and normal tissues ( Fig. 1 A). 
Next, we investigated the cellular source of MPO in the tumor 
icroenvironment. MPO is expressed mainly in neutrophils and 

nflammatory Ly6C 

high monocytes [22] , and to a lesser extent in activated 
icroglia and macrophages [36] . On flow cytometry analysis of irradiated 

umors, we found significantly increased number of tumor-infiltrating 
eutrophils and inflammatory Ly6C 

high Mo/M � cells ( P = 0.03, Fig. 1 B &
) compared to mouse tumors that did not receive radiation. Neutrophils 

nd Ly6C 

high monocytes were also increased in the peripheral blood of 
hese mice ( P = 0.03 and P = 0.06 respectively, Fig. 1 C). It is important
o mention that we did not observe any myeloablative effect with localized 
adiation to the head. Bone marrow myeloid cell numbers did not decrease 
ne week after irradiation ( Fig. 1 C). However, CD11b pos myeloid cell and
eutrophil percentages relative to total white blood cells were significantly 

ncreased after radiation (SI Fig. 2). 

PO inhibition with ABAH ameliorated radiation-induced 
nflammation 

ABAH is an irreversible and specific MPO inhibitor [37] that can cross 
he blood-brain barrier [38] and has been used to inhibit MPO enzymatic 
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Fig. 2. Semi-quantitative measurement of in-vivo MPO inhibition by MPO-Gd MRI. In vivo MPO activity, measured by bis-5-hydroxytryptamide- 
diethylenetriaminepentaacetate-gadolinium (MPO-Gd) imaging, in tumor-bearing mice that were either injected with saline (IR-Saline) or the MPO-inhibitor 
4-Aminobenzoic acid hydrazide (IR-ABAH) at two weeks after irradiation. (A) Representative axial T1-weighted images showing early (15 min) and delayed 
(60 min) contrast-enhanced images acquired after MPO-Gd injection; outlines highlight tumors in the brain (B) Bar graph showing MPO activation ratio of 
irradiated-tumors in saline (n = 2) and ABAH (n = 3) treated mice. MPO activation ratio was computed as a ratio of the contrast-to-noise ratios (CNRs) 
calculated from delayed (60 min) and early (15 min) post-contrast T1-weighted images. Data plotted as mean ± SEM. ∗p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A  

c  

t  

t  

c

M

 

p  

o  

i  

t  

w
s  

a  

M  

p  

w  

M  

(  

t
t  

s  

b  

t  

m  

g  

t  

i  

t

activity in various animal models of neuro-inflammatory diseases such as
experimental autoimmune encephalitis [30] , stroke [38] , and epilepsy [39] .
To document successful MPO inhibition in glioblastoma, we employed
molecular MRI technology that spatially images as well as quantifies
enzymatically active MPO in situ with the molecular contrast agent MPO-Gd
( Fig. 2 A). Compared to saline-injected mice, ABAH administration decreased
MPO activation ratio, a marker of in vivo MPO activity [31] ( P = 0.03,
Fig. 2 B), demonstrating successful partial inhibition of MPO, as reported
previously [ 30 , 34 , 39 ]. 

Next, we sought to see if along with decreasing MPO activity, ABAH also
affected the profile of the tumor-associated immune cells after irradiation.
We found significantly decreased numbers of tumor-associated neutrophils
(p = 0.03) and Ly6C 

high Mo/M � cells ( P = 0.047, Fig. 3 A & B) with ABAH
administration compared to saline-injected mice. In peripheral blood, the
total numbers of myeloid cells, particularly neutrophils and inflammatory
monocytes, also decreased with ABAH administration ( Fig. 3 C). At the same
time, bone marrow myeloid cells remained unchanged with ABAH treatment
( Fig. 3 D). 

MPO inhibition or absence post-radiation promoted tumor growth 

We next asked if this inhibition of radiation-induced inflammation and
resultant changes in tumor-associated immune cells were simply a bystander
effect or could they modulate the tumor microenvironment to be either pro-
tumorigenic or anti-tumorigenic. To determine this, tumor-bearing wildtype
and MPO-KO mice were irradiated and injected with either saline or ABAH
(wildtype only) and imaged with MRI to quantify tumor size at one week
( Fig. 4 A & 4 B, n = 4 mice/group) and 2 weeks ( Fig. 4 C, n = 5-9 mice/group)
after radiation. To our surprise, two weeks of partial MPO inhibition with
ABAH resulted in enhanced tumor cell growth, as bi-dimensional tumor
product enlarged significantly compared to saline-injected mice (IR-Saline:
0.35 ± 0.06 cm 

2 , IR-ABAH: 0.59 ± 0.06 cm 

2 ; P = 0.01, Fig. 4 C).
dditionally, this enhanced tumor growth was potentiated even more with the
omplete absence of MPO in MPO-KO mice. Two weeks after irradiation,
umor bi-dimensional product in irradiated MPO-KO mice was more than
wice the size of saline-injected wildtype controls (IR-Saline: 0.35 ± 0.06
m 

2 , IR-MPO-KO: 0.73 ± 0.08; P = 0.003, Fig. 4 C). 

PO inhibition or absence post-radiation worsened survival 

To correlate tumor size with clinical outcome, survival analysis was
erformed on irradiated saline- and ABAH-treated wildtype mice as well as
n MPO-KO mice. As expected, irradiated mice survived longer than non-
rradiated saline treated GBM-bearing mice (SI Fig. 3A, P = 0.0006). Similar
o the tumor size quantification data, partial MPO inhibition with ABAH
orsened survival compared to irradiated saline controls (median survival 

aline: 43 days vs. ABAH: 32 days, P = 0.02, Fig. 5 A). MPO-KO mice
lso had worsened median survival compared to controls (saline: 43 days vs.

PO-KO: 32 days, P = 0.005, Fig. 5 A & SI Fig. 3B), revealing that MPO
lays an important role in post-radiation survival. Although median survival
as similar in both ABAH-treated and MPO-KO mice, mice with complete
PO absence died earlier than mice with only partial MPO inhibition

 Fig. 5 A). Interestingly, an opposite effect was observed in non-irradiated,
umor-bearing wild-type mice with MPO inhibition. These mice, when 
reated with ABAH, showed an improved survival compared to those with
aline treatment ( Fig. 5 B). As such, we did not observe a survival advantage
etween irradiated and non-irradiated ABAH treated groups, likely due to
he opposing effects of the ABAH treatment on irradiated and non-irradiated
ice (SI Fig. 3C). However, when we compared the irradiated saline-treated

roup to the non-irradiated but ABAH-treated group (SI Fig. 3D), we found
he survival curves of the two groups were similar, implying that MPO
nhibition without radiation may confer a similar survival benefit as radiation
reatment. 
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Fig. 3. MPO inhibition with ABAH decreased inflammatory cell recruitment. (A-D) Flow cytometry analysis showing neutrophil and Ly-6C 

high monocyte 
(Mo) or monocytes/macrophage (Mo/M �) cell numbers out of total leukocytes defined as CD45 + cells, in brain tumor (A & B), peripheral blood (C) and 
bone marrow (D) of irradiated mice treated either with saline (IR-Saline) or ABAH (IR-ABAH) (n = 5/group). Mice were irradiated 14 days after tumor 
injections and flow cytometry was performed 1 week after radiation. SSC: side scatter, Ly6G: lymphocyte antigen 6G. Ly6C: lymphocyte antigen 6C. Data 
plotted as mean ± SEM. ∗p < 0.05. 
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tumor microenvironment. 
Effect of MPO on cultured GBM cells 

To further evaluate the effect of MPO on GBM, we conducted an
in vitro cell culture study on 005 GBM stem cells. When these cells
were cultured with MPO supplemented in culture media, we observed
a stunted cell growth compared to untreated controls ( Fig. 6 A). This
suggested that in vitro MPO has a potential anti-tumor role against GBM
cells. 

We also conducted experiments in two human GBM cell lines (LN18
and M059K) to assess the effect of exogenously administered MPO to the
cell viability, using standard MTT assays ( Fig. 6 B & 6 C). In the absence
of NaCl, exogenously added MPO (1U/mL, 72h) did not have any effect
on the cell viability in either of the two cell lines. When the media was
supplemented with saline solution (NaCl), MPO decreased cell viability by
∼32% in LN18 cells and ∼28% in M059K cells ( P < 0.0001). These
results were further corroborated by complementary incuCyte experiments
to assess proliferation. Control cells and MPO (1U/mL) treated cells in
the presence of saline solution were placed in the IncuCyte® zoom, and
left to grow for 72h. For both cell lines, a marked growth inhibition was
observed in the presence of MPO (SI Fig. 4A & B). More specifically at
the endpoint of 72h, there was a difference of 23% in the confluence of
LN18 cells (77% without MPO, vs 54% with MPO), and a difference of
17% for M059K (49% without MPO, vs 32% with MPO). As expected,
in the absence of saline solution to provide Cl −, there was no significant
difference in cell proliferation with/without MPO co-incubation (data not
shown). 
iscussion 

The host immune response and the resultant tumor-associated immune 
icroenvironment play important roles in tumorigenesis and immune 

scape. Myeloid cells can make up to 40% of the tumor mass. Our study
howed that MPO, a key component of pro-inflammatory myeloid cell 
mmune activity, plays an important role in the post-radiation inflammatory 

icroenvironment. After irradiation, MPO activity was markedly elevated 
n the tumor microenvironment. Inhibiting or genetically removing MPO 

aused tumors to grow faster, probably by evading inflammatory and 
xidative damage induced by radiation. Furthermore, in vitro cell-culture 
ssays demonstrated that MPO can reduce GBM viability and reduce 
roliferation, confirming a role of MPO against GBM after radiation. 

Our flow cytometry data showed that MPO inhibition post-radiation 
ecreased myeloid cells in the tumor and in the blood, but not bone marrow.
t is likely that by inhibiting MPO activity and thus decreasing oxidative stress
nd inflammation, there are decreased stimuli to recruit myeloid cells from 

he bone marrow to the blood and subsequently into the brain. However, 
hile local radiation to the brain did not alter the number of myeloid

ells in the bone marrow, the proportion of MPO-carrying cells (CD11b pos 

yeloid cell and neutrophil) relative to total white blood cells significantly 
ncreased after radiation in the bone marrow ( SI fig. 2 ). Taken together,
hese data revealed that localized brain tumor radiation initiated an acute 
ystemic inflammatory response with increased MPO-carrying cells both in 
he periphery and in the tumor, resuling in increased MPO activity in the
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Fig. 4. MPO inhibition or absence post-radiation accelerated tumor growth. (A) Axial T1 weighted pre- and post-contrast diethylenetriaminepentaacetate- 
gadolinium (DTPA-Gd) enhanced images acquired from tumor bearing mice at 1 week after radiation. Experimental groups comprised of wild-type mice 
treated with saline (IR-Saline) or ABAH (IR-ABAH), and MPO-knock out mice (IR-MPO-KO group). (B-C) Tumor size measured as the bi-dimensional 
product (cm 

2 ) at one week (B, n = 4/group) and two weeks (C, n = 5-9/group) after irradiation. Data plotted as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, 
ns = not significant. 

Fig. 5. Contrasting role of MPO inhibition on animal survival in irradiated and non-irradiated mice. (A) Survival analysis of the IR-Saline (n = 15), IR-ABAH 

(n = 12) and IR-MPO-KO (n = 5) mice groups. ∗p < 0.05, ∗∗p < 0.01 (B) Survival analysis of the saline and ABAH treated mice that were not irradiated 
(non-IR). Twice daily saline or ABAH injections were started from day 14 after tumor implantation. n = 9/group, ∗p < 0.05. 
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GBM secretes factors that recruit and modify myeloid cells to create
a microenvironment that facilitates tumor growth and invasion [ 40 , 41 ].
Within the tumor microenvironment, two dominant phenotypes have been
identified: M1-like (classically activated, pro-inflammatory) cells and M2-
like (alternatively activated, anti-inflammatory) cells [42] . M1-like cells are
potent effector cells that kill microorganisms and tumor cells and produce
large amounts of pro-inflammatory cytokines. In contrast, M2-like cells tune
the inflammatory responses and adaptive Th1 immunity, scavenge debris,
and promote angiogenesis, tissue remodeling and repair. A similar dichotomy
exists for neutrophils with N1 (anti-tumor) and N2 (pro-tumor) polarization
 43 , 44 ]. GBM hijacks inflammatory myeloid cells and generate signals that
hift these myeloid cells toward the M2-like phenotype [45] . This tumor-
riven plasticity appears not only in immune cells but also in immune effector
olecules, such as MPO. In an experimental study on lung cancers that

id not involve irradiation or any immune-enhancers [25] , MPO inhibition
r absence slowed tumor growth. Indeed, we observed similar results when
BM-bearing mice without prior irradiation that were treated with ABAH

howed improved survival ( Fig. 5 B). In the context of chronic inflammation,
PO appeared to be detrimental for host-defense against tumor. Radiation,

n the other hand, creates a highly oxidative and inflammatory milieu with
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Fig. 6. Effect of MPO in in vitro cell-culture assays. (A) Representative images from in vitro cell cultures showing stunted cell proliferation after addition of 
active MPO in the culture media. Green fluorescence protein (GFP) expressing 005 GBM stem cells were used in the assays. Images were acquired with bright 
field and fluorescence microscopy for GFP at 4 times and 10 times magnification. (B-C) Bar graphs from cytotoxicity (MTT) assays on two human GBM cell 
lines Ln18 and M059K showing direct cytotoxic effects of MPO in media containing saline (NaCl). 
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10-fold more MPO activity compared to control normal brain (regardless
of irradiation) and non-irradiated tumor-bearing brain ( Fig. 1 ). In this
environment, MPO appeared to shift to an anti-tumor role, likely by direct
cytotoxic effect of MPO-induced oxidative damage [46] . 

Although in the in vitro cell cultures, important factors of tissue or
cellular inflammatory cascades were not present, we still observed that in
the presence of MPO and Cl −, there was a substantial decrease in viability
and proliferation in GBM cell lines. Interestingly, MPO can only induce
cytotoxicity to the GBM cells when Cl − is present, revealing that MPO
induces cytotoxicity to GBM cells by its enzymatic activity to produce
oxidants such as HOCl. 

An important limitation of the study is that we used single radiation
dose to induce tumor inflammation. Fractionated radiation dose regimen
is the standard clinical practice to limit necrosis of the normal tissue.
Interestingly, Boria et al. recently compared single high-dose radiation to a
fractionated dose regimen in mice and did not find additional protection
against radiation necrosis for the animals [47] . Based on this and because
an unfractionated approach in rodents has practical advantages such as a
shorter time commitment and avoidance of positioning errors from repetitive
osing that can affect reproducibility, we chose in this work to use a single
igh-dose. Nonetheless, future studies that employ this strategy would be 
esirable to better mimic the clinical experience. Another future direction 
ould be a detailed histological examination of GBM tumor proliferation 

nd its microenvironment under various conditions with and without MPO 

nd irradiation. Our results ( SI fig. 3D ) also suggest that MPO inhibition
ithout radiation may confer a similar survival benefit as radiation alone. It is
ossible that in this non-irradiated microenvironment, MPO inhibition may 
lso act on immune cells in the tumor microenvironment. Thus, it would also
e interesting to study how MPO and irradiation affect key immune cells in
he tumor microenvironment, such as myeloid-derived suppressor cells that 
an block anti-tumor immunity in GBM patients [ 48 , 49 ]. 

Our study has two potentially important clinical implications for GBM 

anagement. First, new therapies may be explored that can enhance MPO 

riven inflammatory/oxidative damage in conjunction with radiotherapy. 
econd, the use of drugs that inhibit MPO (e.g. acetaminophen [50] , 
soniazid [51] and MPO-specific inhibitors in clinical development) may 
eed to be further studied and possibly used with caution in GBM patients
fter radiotherapy. 
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Conclusion 

In the acute inflammatory environment after radiation, our study
identified an anti-tumor role for MPO in glioma progression. Irradiation
increased both MPO enzymatic activity and MPO-secreting inflammatory
cells in the tumor microenvironment. When this increased MPO was either
partially inhibited or genetically absent, it resulted in accelerated tumor
growth and consequently worsened survival. These results suggest that drugs
that shift the immune response toward decreased MPO activity could limit
the beneficial effects of radiotherapy, while strategies that maintain or increase
MPO activity after radiotherapy may be new therapeutic directions. 
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