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Abstract

Background. Standard treatment for newly diagnosed high-grade gliomas remains suboptimal. Preclinical data
indicate that mesenchymal transition and radiation resistance in glioblastoma are driven by NF-kB and microglia
activation, which can be inhibited by minocycline. We assessed the safety and efficacy of minocycline combined
with standard radiation and temozolomide in newly diagnosed high-grade gliomas.

Methods. Adults with newly diagnosed high-grade glioma were eligible. Minocycline was given with concurrent
and adjuvant temozolomide. Minocycline doses were escalated using a 3 + 3 design and expanded to identify the
maximum tolerated dose (MTD) and adverse event profile. Individual progression-free survival (PFS) was com-
pared to predicted PFS based on RTOG RPA class using a binomial test. The relationships between mesenchymal
and microglial biomarkers were analyzed with immunohistochemistry.

Results. The MTD of minocycline was 150 mg twice per day (N =20); 1 patient (5%) experienced CTCAE grade
3 + nausea and dizziness, and 2 patients (10%) demonstrated thrombocytopenia requiring temozolomide interrup-
tions. Twelve patients exceeded their predicted PFS (60%), which did not meet the predefined efficacy endpoint of
70%. Symptoms increased during post-radiation treatment but remained mild. No significant correlation was seen
between biomarkers and PFS. Expression levels of P-p65, a marker of NF-kB activation, were correlated with the
microglia marker IBA-1.

Conclusions. Minocycline at 150 mg twice per day is well tolerated with standard chemoradiation in patients with
newly diagnosed high-grade gliomas. PFS was not significantly increased with the addition of minocycline when
compared to historical controls. NF-kB activation correlates with microglia levels in high-grade glioma.

Key Points
e Minocycline with chemoradiation is well tolerated in patients with high-grade glioma.

e This intervention does not significantly change progression-free survival compared to
historical medians.

e There is significant correlation between P-p65 and IBA-1 in patient tissue samples.

© The Author(s) 2024. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of
Neuro-Oncology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License

(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any
medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and
translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on
the article page on our site—for further information please contact journals.permissions@oup.com.


https://orcid.org/0009-0004-8016-3738
https://orcid.org/0000-0002-5933-211X
https://orcid.org/0000-0002-4027-7317
https://orcid.org/0000-0002-8541-2287
mailto:howard.colman@hci.utah.edu?subject=
mailto:adam.cohen@inova.org?subject=
https://creativecommons.org/licenses/by-nc/4.0/

McKean et al.: D-TERMINED, a phase 1 trial in newly diagnosed high-grade glioma

Importance of the Study

High-grade gliomas are aggressive and incurable malig-
nancies, and the overall prognosis remains poor despite
advances in standard therapy. There is an unmet need
to identify additional therapeutic targets to improve out-
comes in this patient population. To this end, this phase
1 study assessed the safety, tolerability, and preliminary
progression-free survival (PFS) effect of minocycline,
an inhibitor of NF-kB mediated microglia activation,
when combined with radiation and temozolomide.
The treatment regimen was safe and demonstrated

Despite extensive preclinical and clinical research, ther
apeutic advances for newly diagnosed high-grade
astrocytomas have been limited. Standard of care remains
maximal safe surgical resection followed by a combina-
tion of radiation and chemotherapy with temozolomide
(TMZ)."2 In glioblastoma (GBM), the addition of tumor-
treatment fields also provides modest improvements in
survival.®Treatment resistance in GBM is multifactorial and
depends on both tumor cell intrinsic and microenviron-
ment factors.

Studies have identified several inter- and intratumoral
subtypes of glioblastoma, which correlate with different
genomic profiles and clinical behavior.#® Prior studies
have identified that the mesenchymal gene expression
subtype is associated with radiation resistance, and is
associated with poor survival outcomes.*’-'% Preclinical
research shows that mesenchymal differentiation or
transformation is driven by signaling from tumor ne-
crosis factor alpha (TNFa) and transcriptional regulation
via nuclear factor kappa B (NF-kB).8" TNFa also promotes
invasion by tumor-associated microglia, which modify
the tumor microenvironment, facilitate local immuno-
suppression, and predict poorer outcomes in patient
populations.81213

The FDA-approved antibiotic minocycline inhibits
microglial activation and crosses the blood-brain
barrier.’™ It inhibits microglial expression of matrix
metalloproteinase, reducing glioma migration and in-
vasion.” In C6 glioma cells, minocycline also blocks
tumor cell growth, induces autophagy and cell death,
and activates caspase-3."% In rat xenograft models of in-
tracranially implanted gliosarcoma, local administration
of minocycline improved survival by 43% after resec-
tion."”” Subsequent studies using the same model also
showed local minocycline increased median survival
by 139% when delivered with radiation or by 38% with
temozolomide.'®

The addition of minocycline to repeat radiation with
bevacizumab in patients with recurrent glioma was pre-
viously tested in the phase 1 trial RAMBO." This reg-
imen was well tolerated and without significant effect
on symptom burden or neuro-cognitive impairment.
We investigated the addition of minocycline to upfront
standard of care for newly diagnosed high-grade gliomas.

tolerable side effects; unfortunately, there was no sig-
nificant change in the PFS when compared to historical
matched controls. Molecular analysis of patient glioma
samples did show a significant relationship between
biomarkers of NF-kB signaling and microglial activa-
tion. This confirms preclinical data that has identified a
role for NF-kB signaling in promoting microglial immu-
nosuppression and subsequent glioma resistance and
growth.

This phase 1 trial assessed maximal tolerated dose, sys-
temic toxicities, symptom burden and interference, and
efficacy in unselected patients. Correlative studies evalu-
ated the association between outcomes, molecular sub-
type (proneural vs mesenchymal), NF-kB activation, and
microglial activation.

Materials and Methods

Study Design

D-TERMINED (phase 1 trial in newly diagnosed
high-grade glioma with temozolomide, radiation,

and minocycline followed by adjuvant minocycline/
temozolomide, NCT02272270) was a single-arm, open-
label, dose-escalation, and dose-expansion phase 1
clinical trial. All patients were enrolled from a single
institution, and the trial included adults (18 years or
older) with newly diagnosed histopathologically proven
World Health Organization (WHO) grade 3 or 4 gliomas.
Subjects were required to have adequate bone marrow,
coagulation, renal, and hepatic function, and a Karnofsky
Performance Status (KPS) of 60 or greater. Patients were
excluded from the study if there was a history of glioma
treatment (radiation or chemotherapy), other invasive
cancer within 2 years, serious arrhythmia, unstable an-
gina/myocardial infarction, decompensated congestive
heart failure, cerebrovascular accident, bleeding diath-
eses or coagulopathy, HIV/AIDS, liver disease, active con-
nective tissue disorder, or uncontrolled infection. After
the first two patients, the trial was amended to require
KPS of 70 or greater.

Interventions

Following craniotomy and resection, all patients were
started on continuous minocycline 7 days before the
start of concurrent therapy. Oral doses were given twice
per day (BID). The initial dose level was 200 mg BID.
Dose escalation or de-escalation followed a standard
3 + 3 design. Chemoradiation was administered within 6
weeks of surgery, and subjects received 6000 centigray
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(cGy) over 30 fractions with daily TMZ at 75 mg/m?2.
Following concurrent therapy, minocycline was con-
tinued as monotherapy through the addition of adjuvant
TMZ (15--200 mg/m?), given for a maximum of 6 cycles.
Minocycline was also maintained after the completion of
adjuvant TMZ for as long as tolerated to a maximum of
12 cycles.

Safety Assessments

The primary endpoints were to identify the maximum tol-
erated dose (MTD) of minocycline and its adverse event
rate over the course of treatment with radiation and TMZ.
Safety was evaluated throughout concurrent therapy,
monotherapy with minocycline, and up to 12 cycles of ad-
juvant therapy. Dose-limiting toxicities (DLTs) were defined
as any grade 3/4 or intolerable grade 2 toxicities attribut-
able to minocycline during the period of chemoradiation
and up to 30 days afterward. With 29 patients at MTD, we
had an 80% power to detect any adverse event affecting at
least 10% of patients.

Efficacy

The secondary endpoint was progression-free survival
(PFS). Specifically, for each Radiation Therapy Oncology
Group recursive partitioning analysis (RTOG RPA) class
the median PFS was determined based on published es-
timates.?° We then assigned to each patient a predicted
PFS equal to the median PFS for their RTOG class. For
RTOG class lll, the predicted PFS was 10.2 months, for
class IV 7.3 months, and for class V 6.3 months. This pre-
scribed efficacy endpoint would be met if 70% or more of
patients exceeded their predicted PFS, which gave 80%
power with an alpha of 0.2 using an exact binomial dis-
tribution. In the trial population, PFS was measured from
the date of surgery until tumor progression or death.
Progression was defined by Response Assessment in
Neuro-Oncology (RANO) criteria.?’ PFS was only calcu-
lated in those who initiated concurrent chemoradiation
on the MTD for minocycline. A Kaplan-Meier estimate for
PFS and overall survival (OS) was also calculated from
the MTD efficacy population, along with 95% confidence
intervals (Cl).

Symptom Burden

The brain tumor module of the MD Anderson Symptom
Inventory (MDASI-BT) was used to evaluate patient symp-
toms burden.?? Participating patients completed the
module before initiating therapy (baseline) and on subse-
quent treatment cycles. Three scales within the MDASI-BT
module were analyzed—total symptom severity, brain
tumor specific symptom severity, and symptom inter-
ference with daily life. The arithmetic mean and standard
deviation of items within each scale were calculated and
reported for each time point. An increase of 1 point in the
mean scale score was considered the minimum clinically
meaningful change, and the number of patients at each
time point with such change was determined. Symptom

scores were defined as mild (<4), moderate (4-6), or severe
(>6) for each respective scale.

Immunohistochemistry

Patient glioma tissue samples were obtained from ini-
tial tumor resection, fixed in formalin, and embedded in
paraffin. Slides from these blocks were deparaffinized
with sequential washes of toluene and graded ethanol,
then heated in unmasking buffer. Each slide was blocked
with Background Sniper (Biocare Medical) or 2.5% horse
serum (20 min). Samples were then incubated overnight
at 4°C with primary antibodies against biomarkers for
the proneural subtype (OLIG2 a-rabbit @1:1000; Millipore
Sigma #AB9610), mesenchymal subtype (CD44, a-mouse
@1:100; BD Biosciences #550392), NF-kB signaling (P-p65,
a-rabbit @1:300; Abcam #ab194726), and activated mi-
croglia (IBA-1, a-rabbit @1:1000; Wako Chemicals #019-
19741). The following day, slides were washed and
sequentially incubated with ImmPRESS reagent (rabbit
or mouse, 30 min) and ImmPACT DAB working solution
(5-10 min). After further washing, slides were counter-
stained with hematoxylin and 0.1% toluidine blue. Samples
were then transferred through graded ethanol and xylene,
air dried, and sealed with Permount. Percent and number
of high-positive or positive cells were counted by com-
puter using ImageJ. These data were then averaged from
between 5 and 21 images for each sample.The percent pos-
itive tumor cells were reported for OLIG2, CD44, and P-p65,
while number of positive tumor cells/high-powered field
(HPF) was measured for IBA-1. The mean and standard de-
viation of biomarker positivity were then calculated for pa-
tients who exceeded or did not exceed expected PFS, and
these were compared using a 2-sided t-test. Additionally,
pairwise comparison with Spearman correlation coeffi-
cients was performed on these 4 biomarkers. No additional
glioma tissue samples were obtained for analysis upon
progression of disease.

Ethical Standards

D-TERMINED was approved by the University of Utah
Institutional Review Board (IRB) and registered on
ClinicalTrials.gov as NCT02272270 before patient enroll-
ment. Each patient provided written informed consent be-
fore study participation.

Results
Demographics and Clinical Characteristics

Between November 2014 and January 2017, 25 patients
were screened, deemed eligible, and enrolled on trial. A
CONSORT diagram for the trial is shown in Figure 1. The
majority (19) of patients were diagnosed with glioblas-
toma (WHO grade 4, IDH-wildtype), 4 with IDH-mutant
astrocytoma (WHO grade 3-4), and 2 with gliosarcoma
(WHO grade 4, IDH-wildtype). IDH status was unknown
in 2 patients. The majority of patients were male, with the
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Figure 1.

Study design and overview. Eligible patients (11) were assigned to dose escalation, which followed a 3 + 3 design. Additional patients

(14) were assigned to dose expansion after determining the MTD. Patients were started on their respective minocycline doses before concurrent
chemoradiation, and continued as tolerated through and after adjuvant temozolomide. MTD, maximum tolerated dose.

median age of 62 and the median KPS 90. Complete patient
characteristics are shown inTable 1. Four patients enrolled
at 200 mg BID dosing; 1 withdrew consent before initiating
chemoradiation and was censored. Seven patients were
enrolled at 150 mg BID dosing after de-escalation, and
an additional 14 patients at the same dose for expansion.
One patient in this cohort experienced progression before
initiating chemoradiation and was excluded from the MTD
efficacy analysis. None of the patients used tumor treating
fields.

Safety

Dose changes for minocycline followed a 3 + 3 design,
with eleven patients evaluated in the dose escalation co-
hort. Three patients of the MTD efficacy population re-
ceived minocycline at 200 mg PO BID (level 0), with a
fourth who withdrew from the study to enroll in hos-
pice. Grade 3+adverse events occurred in the 3 (100%)
evaluable patients, and related serious adverse events
(SAE) were seen in 2 (67%). One person had dehydration
with diarrhea, elevated liver enzymes, hyperkalemia, and
hyperbilirubinemia; another had generalized weakness
and GBM progression during concomitant treatment with
radiation, temozolomide, and minocycline. The final pa-
tient at dose level 0 had grade 3 neutropenia. Due to the ini-
tial frequency of these adverse events and after discussion
with the Data Safety and Monitoring Committee, dosing
was reduced to 150 mg PO BID (level -1) for the remainder
of patients in the escalation (N =7) and expansion cohorts

(N=14). Related grade 3+ adverse events at this level
were less frequent (45%), and no related SAEs were iden-
tified. The most common related grade 3+ adverse events
included treatment-related thrombocytopenia prompting
TMZ interruption (10%), nausea (5%), and dizziness (5%).
Fatigue (5%) and muscle weakness (5%) were also seen.
All grade 3+ symptoms or SAE resolved with supportive
care or treatment interruption. For each minocycline dose,
related low-grade (1/2) adverse events, high-grade (3/4)
adverse events, and SAE are listed inTable 2.

Efficacy

The PFS and OS were calculated for all patients assigned
to treatment at 150 mg BID dosing and who started treat-
ment with concurrent chemoradiation (N =20). The me-
dian PFS was 7.1 months (95% CIl 5.4-14.7 months). There
were 12 patients (60%) who exceeded the predicted PFS
for their RTOG RPA class (1 class lll, 5 class IV, and 6 class
V). This rate did not meet the prescribed secondary effi-
cacy endpoint of 70%. Of the 8 patients (40%) with PFS
less than predicted, 4 were RPA class IV and 4 RPA class
V. Within the MTD efficacy population, 16 (80%) were
evaluated for best radiographic response to treatment by
RANO. Of these, 2 (12%) showed partial response (PR), 10
(62%) showed stable disease (SD), and 4 (25%) showed
progressive disease (PD). The median OS was 14.3
months (95% Cl 9.5-23.8 months). Kaplan-Meier graphs
as well as estimates for median PFS and OS are shown in
Figure 2.
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Table 1. Demographics and Baseline Clinical Characteristics

Characteristic

All Patients (n = 25)

Sex, n (%)

Male 18(72)

Female 7 (28)
Age, y

Median (range) 62 (28-77)
Race

White 25 (100)
Ethnicity

Non-Hispanic 25 (100)
KPS at baseline, n

Median (range) 90 (70-100)
Histologic Grade, n (%)

4 24 (96)

3 1(4)
RTOG RPA class, n (%)

\Y 13 (52)

\ 10 (40)

1 1(4)

I 1(4)
IDH status, n (%)

Wildtype 19 (76)

Mutant 4(16)

Unknown 2(8)
MGMT status, n (%)

Unmethylated 16 (64)

Methylated 4 (16)

Unknown 5(20)

MTD Efficacy Population (n=20)

15 (75)
5 (25)

62.5 (28-77)

20 (100)

20 (100)

85 (70-100)

20 (100)
0(0)

10 (50)
9 (45)
1(5)
0 (0)

17 (85)
2(10)
1(5)

14.(70)
2(10)
4 (20)

MTD, maximum tolerated dose; KPS, Karnofsky performance status; RTOG RPA, Radiation Therapy Oncology Group recursive partitioning analysis;
IDH, isocitrate dehydrogenase; MGMT, 0f-methylguanine-DNA methyltransferase.

Symptom Burden

All eligible patients completed the MDASI-BT at base-
line. Completion rates at other cycles ranged from 19%
(cycle 3) to 100% (cycles 6 and 10). The average base-
line MDASI-BT score was mild for total symptom se-
verity (1.73 +1.54), brain tumor specific symptom
severity (1.58 £ 1.45), and symptom interference with
daily life (2.27 £ 1.92). Following initiation of concurrent
chemoradiation with minocycline, these scores remained
mild but increased (2.83 + 1.47 for total symptom severity,
2.45 +1.30 for brain tumor specific symptom severity,
and 3.51 £ 2.07 for symptom interference). This increase
was driven by clinically meaningful changes in 7 (43%),
11 (68%), and 8 (50%) patients for each score at cycle 1.
After cycle 1, the average symptom burden remained
relatively stable in the mild range. The arithmetic mean
and standard deviations for each MDASI-BT subscale at

separate time points are represented by box-and-whisker
plots in Figure 3.

Efficacy Analysis Within Molecular Subtypes

Biomarkers correlating to proneural subtype (OLIG-2), mes-
enchymal subtype (CD44), microglial activation (IBA-1),
and NF-«B signaling (P-p65) were evaluated for relation-
ship with PFS. Example images demonstrating high and
low immunohistochemical tissue expression are shown in
Figure 4A. The percent (OLIG-2, CD44, P-p65) or number (IBA-
1) of positive cells did not differ between people with high PFS
and those with low PFS. Percents and P-values are shown in
Figure 4B. Pairwise comparisons were also made between each
combination of molecular subtypes. There was a significant
positive correlation between P-p65 and IBA-1, with a Spearman
rank correlation of 0.637 (P=.007, shown in Figure 4C).
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Table2. Adverse Events (AEs)

Toxicity code

Patients experiencing related SAE
Dehydration
Diarrhea
Hyperbilirubinemia
Hyperkalemia
Neoplasms (benign/malignant)
Transaminitis

Patients experiencing related G3 + AE
Dehydration
Diarrhea
Dizziness
Fatigue
Hyperbilirubinemia
Hyperkalemia
Lymphopenia
Muscle weakness
Nausea
Neoplasms (benign/malignant)
Neutropenia
Thrombocytopenia

Patients experiencing related G1-2 AE
Edema
Fatigue
GERD
Gl disorders
Headache
Hot flashes
Hypertriglyceridemia
Hypoalbuminemia
Hyponatremia
Injury, poisoning, and procedural
Insomnia
Nausea
Neutropenia
Oral pain
Pruritis
Rash, maculopapular
Scleral disorder
Skin hyperpigmentation
Thrombocytopenia
Tinnitus
Tremor
Vertigo
Vomiting

Weight loss

Dose level 0: 200 mg BID

3/4

o O =

=

4/4

o O =

-

Y o T Y o JRE S o S GRY O\ S

o w

=

SAE, serious adverse event; GERD, gastroesophageal reflux disease; Gl, gastrointestinal.

Dose level -1: 150 mg BID
0/21

o O o o o o

9/21

o O =

=y

19/21

o O N N o1 O

=
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Figure 2. Kaplan—Meier survival analysis. Progression-free survival (A) and overall survival (B) estimates for the MTD efficacy population. MTD,

maximum tolerated dose.

Discussion

This trial demonstrates the safety and tolerability of con-
tinuous minocycline at 150 mg BID as the MTD when com-
bined with standard chemoradiation in newly diagnosed
high-grade gliomas. At the 150 mg BID dose, there were
few related high-grade adverse events and no related se-
rious adverse events. However, the addition of minocycline
to standard upfront chemoradiation did not significantly
improve PFS compared to historical benchmarks in unsel-
ected patients or in those classified by expression levels
of OLIG2, CD44, P-p65, or IBA-1 by immunohistochemistry.

The use of minocycline for the treatment of high-grade
gliomas was previously investigated in the RAMBO
study, where it was combined with repeat irradiation
and bevacizumab in heavily pretreated patients.” In the
RAMBO trial, the MTD with bevacizumab and reirradiation
was determined to be 400 mg BID; at this dose PFS at 3
and 6 months was 64.6% and 27.7%, respectively. During
the dose escalation phase (100-200 mg BID), only 1 patient
showed a grade 3+ adverse event (hypokalemia). In the
present study, hypokalemia was not seen, and more pa-
tients experienced grade 3+ or SAE at equivalent dosing
(150-200 mg BID), likely due to differences in population
and the concomitant use of temozolomide.

There may be confounding factors that limited the ben-
efit of minocycline in this trial. Prior studies indicate that
other factors and pathways beyond NF-kB may promote
mesenchymal phenotype in GBM. For instance, one re-
cent publication utilizing monocyte-deficient CRISPR/
Cas9-edited mouse strains suggests that redundant
signaling through neutrophil invasion may promote the
proneural-to-mesenchymal transition in glioblastoma.?®

Other recent publications highlight the potential impor-
tance of microRNAs and extracellular vesicles in the
TNFa/NF-kB cascade, which could also play a role in glio-
blastoma subtype determination.?*?5 Ongoing trials are
examining drugs that inhibit upstream effectors of NF-kB,
proteins that interact with NF-xB, or nuclear import of
NF-kB (NCT03782415, NCT03535350, NCT04216329).

Strengths of our trial include the prospective nature of
the primary and secondary analyses. Weaknesses include
the high proportion of White men, which may limit gener-
alizability. The small numbers mean signals of activity in
subgroups could be missed.

The lack of correlation between CD44 and OLIG2 has
been seen in other cohorts, suggesting either that they
are imperfect markers of the proneural and mesenchymal
phenotype or that they are demonstrating intratumoral
phenotypic heterogeneity.?® An important outcome of this
trial was confirmation of the relationship between NF-kB
signaling and microglia activation in glioma samples. This
relationship has been previously shown using in vitro sam-
ples and xenograft models.®?” However, this study marks
the first instance where NF-kB and microglia activity are
shown to correlate in human patients. It reinforces the role
of microglia in NF-kB activation in high-grade gliomas and
the importance of further study into treatments targeting
the immunosuppressive effects of microglia on high-grade
gliomas.

D-TERMINED shows inclusion of minocycline during
radiation with concurrent and adjuvant TMZ is safe in pa-
tients with newly diagnosed high-grade gliomas. However,
this regimen does not significantly change PFS when
compared to historical data, or within select molecular
subtypes. Further research on alternative or combination
approaches to inhibiting NF-kB signaling is needed.
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Figure 3. MDASI-BT survey results. Patient data and subscore for total symptom severity (A), brain tumor specific symptom severity (B), and
symptom interference (C). Number of respondents, mean values, standard deviation, and number of patients with subscore increases from base-
line are presented for each cycle. MDASI-BT, MD Anderson Symptom Inventory—Brain Tumor.
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Figure 4. Molecular subtype efficacy analysis. Resected tumors were stained using antibodies against markers for glioblastoma subtypes,
NF-kB transcription, and microglia activation. Representative samples with strong or weak expression are shown. (A) Percent or number of
positive cells were averaged from tissue corresponding to patients with PFS greater or less than median historical data (scale bar = 100 ym). (B)
Pairwise comparison was made between each immunohistochemical marker using Spearman rank correlation. (C) Statistical significance was
considered if P <.05. OLIG2, oligodendrocyte transcription factor 2; CD44, cluster of differentiation 44; P-p65, phospho-p65; NF-«B, nuclear factor
kappa B; IBA-1, ionized calcium-binding adapter molecule 1; PFS, progression-free survival.



10

McKean et al.: D-TERMINED, a phase 1 trial in newly diagnosed high-grade glioma

Keywords

clinical trials | glioblastoma | minocycline | NF-xB

1.

Funding

This work was supported by the Musella Foundation (to A.L.C.)
and National Institute of Health (P30CA042014).

Conflict of Interest statement

ALC. has institutional research funding from Chimerix,
Nuvox, Novartis, Acrotech, and BPGbio. H.C. is an advisor/
consultant for Best Doctors/Teladoc, Orbus Therapeutics,
Bristol Myers Squibb, Regeneron, Novocure, PPD/Chimerix,
AnHeart Therapeutics, and Alpha Biopharma, and has institu-
tional research funding from Orbus, GCAR, Array BioPharma,
Nuvation Bio, Bayer, Bristol Myers Squibb, Sumitomo Dainippon
Pharma Oncology, Samus Therapeutics, Erasca, and AnHeart
Therapeutics.

Authorship statement

Conception and Design: K.B., D.C.S., G.S., K.S., R.J., H.C., and
A.L.C. Collection and Assembly of Data: J.Y., K.B., H.C., and A.L.C.
Data analysis and interpretation: All authors. Figures: W.B.M.,
J.Y., and K.B. Manuscript writing and revising: All authors.

Affiliations

Huntsman Cancer Institute, University of Utah, Salt Lake
City, Utah, USA (W.B.M., J.Y, K.B., D.C.S., G.S., K.S., RJ,,
H.C., ALC.); Division of Medical Oncology, University of
Utah School of Medicine, Salt Lake City, Utah, USA (W.B.M.,
K.B., A.L.C.); Department of Neurosurgery, University of Utah
School of Medicine, Salt Lake City, Utah, USA (J.Y.,, RJ.,
H.C.); Department of Epidemiology, University of Utah School
of Medicine, Salt Lake City, Utah, USA (K.B.); Department of
Radiation Oncology, University of Utah School of Medicine, Salt
Lake City, Utah, USA (D.C.S., G.S.); Department of Radiology,
University of Utah School of Medicine, Salt Lake City, Utah,
USA (K.S.); Division of Oncology, Inova Schar Cancer Institute,
Fairfax, Virginia, USA (A.L.C.)

References

Stupp R, Mason WP, van den Bent MJ, et al; European Organisation
for Research and Treatment of Cancer Brain Tumor and Radiotherapy

15.

20.

21.

Groups. Radiotherapy plus concomitant and adjuvant temozolomide for
glioblastoma. N Engl J Med. 2005;352(10):987—996.

van den Bent MJ, Tesileanu CMS, Wick W, et al. Adjuvant and con-
current temozolomide for 1p/19q non-co-deleted anaplastic glioma
(CATNON; EORTC study 26053-22054): second interim analysis of a ran-
domised, open-label, phase 3 study. Lancet Oncol. 2021;22(6):813-823.

Stupp R, Taillibert S, Kanner A, et al. Effect of tumor-treating fields plus
maintenance temozolomide vs maintenance temozolomide alone on sur-
vival in patients with glioblastoma: a randomized clinical trial. JAMA.
2017;318(23):2306-2316.

Phillips HS, Kharbanda S, Chen R, et al. Molecular subclasses of
high-grade glioma predict prognosis, delineate a pattern of dis-
ease progression, and resemble stages in neurogenesis. Cancer Cell.
2006;9(3):157-173.

Verhaak RG, Hoadley KA, Purdom E, et al; Cancer Genome Atlas
Research Network. Integrated genomic analysis identifies clinically
relevant subtypes of glioblastoma characterized by abnormalities in
PDGFRA, IDHT, EGFR, and NF1. Cancer Cell. 2010;17(1):98-110.

Patel AP, Tirosh I, Trombetta JJ, et al. Single-cell RNA-seq high-
lights intratumoral heterogeneity in primary glioblastoma. Science.
2014;344(6190):1396-1401.

Colman H, Zhang L, Sulman EP, et al. A multigene predictor of outcome
in glioblastoma. Neuro Oncol. 2010;12(1):49-57.

Bhat KPL, Balasubramaniyan V, Vaillant B, et al. Mesenchymal differ-
entiation mediated by NF-kB promotes radiation resistance in glioblas-
toma. Cancer Cell. 2013;24(3):331-346.

Behnan J, Finocchiaro G, Hanna G. The landscape of the mesenchymal
signature in brain tumours. Brain. 2019;142(4):847-866.

Pelloski CE, Mahajan A, Maor M, et al. YKL-40 expression is associated
with poorer response to radiation and shorter overall survival in glioblas-
toma. Clin Cancer Res. 2005;11(9):3326—3334.

. Wang G, Zhong K, Wang Z, et al. Tumor-associated microglia and macro-

phages in glioblastoma: from basic insights to therapeutic opportunities.
Front Immunol. 2022;13:964898.

Ellert-Miklaszewska A, Dabrowski M, Lipko M, et al. Molecular defini-
tion of the pro-tumorigenic phenotype of glioma-activated microglia.
Glia. 2013;61(7):1178-1190.

Hoesel B, Schmid JA. The complexity of NF-kB signaling in inflammation
and cancer. Mol Cancer. 2013;12:86.

Smith DL, Woodman B, Mahal A, et al. Minocycline and doxycycline
are not beneficial in a model of Huntington's disease. Ann Neurol.
2003;54(2):186—196.

Markovic DS, Vinnakota K, van Rooijen N, et al. Minocycline reduces
glioma expansion and invasion by attenuating microglial MT1-MMP ex-
pression. Brain Behav Immun. 2011;25(4):624-628.

Liu WT, Lin CH, Hsiao M, Gean PW. Minocycline inhibits the growth of
glioma by inducing autophagy. Autophagy. 2011;7(2):166-175.
Weingart JD, Sipos EP, Brem H. The role of minocycline in the treatment
of intracranial 9L glioma. J Neurosurg. 1995;82(4):635-640.

Bow H, Hwang LS, Schildhaus N, et al. Local delivery of angiogenesis-
inhibitor minocycline combined with radiotherapy and oral temozolomide
chemotherapy in 9L glioma. J Neurosurg. 2014;120(3):662—669.

Cohen AL, Anker CJ, Johnson B, et al. Repeat radiation with bevacizumab
and minocycline in bevacizumab-refractory high grade gliomas: a pro-
spective phase 1 trial. J Neurooncol. 2020;148(3):577-585.

Weller M, Felsberg J, Hartmann C, et al. Molecular predictors of
progression-free and overall survival in patients with newly diagnosed
glioblastoma: a prospective translational study of the German Glioma
Network. J Clin Oncol. 2009;27(34):5743-5750.

Wen PY, Macdonald DR, Reardon DA, et al. Updated response assess-
ment criteria for high-grade gliomas: response assessment in neuro-
oncology working group. J Clin Oncol. 2010;28(11):1963-1972.



22.

23.

24.

McKean et al.: D-TERMINED, a phase 1 trial in newly diagnosed high-grade glioma

Armstrong TS, Mendoza T, Gning |, et al. Validation of the M.D. Anderson
symptom inventory brain tumor module (MDASI-BT). J Neurooncol.
2006;80(1):27-35.

Chen Z, Soni N, Pinero G, et al. Monocyte depletion enhances neutro-
phil influx and proneural to mesenchymal transition in glioblastoma. Nat
Commun. 2023;14(1):1839.

Schweiger MW, Li M, Giovanazzi A, et al. Extracellular vesicles
induce mesenchymal transition and therapeutic resistance in glio-
blastomas through NF-kB/STAT3 signaling. Adv Biosyst. 2020;4(12):
e1900312.

25.

26.

27.

Xu C, Wang P, Guo H, et al. MiR-146a-5p deficiency in extracellular
vesicles of glioma-associated macrophages promotes epithelial-
mesenchymal transition through the NF-kB signaling pathway. Cell
Death Discov. 2023;9(1):206.

Popova SN, Bergqvist M, Dimberg A, et al. Subtyping of gliomas of
various WHO grades by the application of immunohistochemistry.
Histopathology. 2014;64(3):365-379.

Dumas AA, Pomella N, Rosser G, et al. Microglia promote glioblastoma
via mTOR-mediated immunosuppression of the tumour microenviron-
ment. EMBO J. 2020;39(15):¢103790.

seoueAPY

ABo10OUQ-0INdN

[
[




	D-TERMINED, a phase 1 trial in newly diagnosed high-grade glioma with temozolomide, radiation, and minocycline followed by adjuvant minocycline/temozolomide  
	Materials and Methods
	Study Design
	Interventions
	Safety Assessments
	Efficacy
	Symptom Burden
	Immunohistochemistry
	Ethical Standards

	Results
	Demographics and Clinical Characteristics
	Safety
	Efficacy
	Symptom Burden
	Efficacy Analysis Within Molecular Subtypes

	Discussion
	References


