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Aggressive neurosurgical resection to achieve sustained local control
is essential for prolonging survival in patients with lower-grade
glioma. However, progression in many of these patients is charac-
terized by local regrowth. Most lower-grade gliomas harbor isoci-
trate dehydrogenase 1 (IDH1) or IDH2 mutations, which sensitize to
metabolism-altering agents. To improve local control of IDH mutant
gliomas while avoiding systemic toxicity associated with metabolic
therapies, we developed a precision intraoperative treatment that
couples a rapid multiplexed genotyping tool with a sustained release
microparticle (MP) drug delivery system containing an IDH-directed
nicotinamide phosphoribosyltransferase (NAMPT) inhibitor (GMX-
1778). We validated our genetic diagnostic tool on clinically anno-
tated tumor specimens. GMX-1778 MPs showed mutant IDH
genotype-specific toxicity in vitro and in vivo, inducing regression
of orthotopic IDH mutant glioma murine models. Our strategy en-
ables immediate intraoperative genotyping and local application of
a genotype-specific treatment in surgical scenarios where local tumor
control is paramount and systemic toxicity is therapeutically limiting.
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Genotype-based therapeutics continue to transform medical
oncology. As the most common intrinsic CNS tumor, adult

diffuse gliomas hold particular promise for genotype-targeted
therapy, since greater than 90% harbor recurrent hotspot mu-
tations within just a few genes: the metabolic enzyme isocitrate
dehydrogenase 1 (IDH1) or its homolog IDH2 (1), the telo-
merase reverse transcriptase (TERT) promoter (2), histone H3.3
(H3F3A) (3), and signaling kinase BRAF (4). However, genotype-
targeted therapy has had limited success in CNS tumors, often due
to inadequate drug penetration across the blood–brain barrier
(BBB) and the resulting nonneurologic toxicities that occur when
systemically administered therapeutics are dose increased.
Systemic genotoxic therapeutics display an aggregate survival

benefit in large cohorts of patients with IDH mutant glioma (5,
6), although potentially at the cost of accelerated mutagenesis
and malignant progression in a subset of cases (7). Recently, we
and others have reported several alternative pharmacologic ap-
proaches to selectively target IDH1 mutant gliomas (8–11). In
particular, we discovered a marked susceptibility of IDH1
mutant cancers to depletion of NAD+ using small molecule
inhibitors targeting nicotinamide phosphoribosyltransferase
(12). Unlike traditional genotoxic chemotherapeutics, nico-
tinamide phosphoribosyltransferase inhibitor (NAMPTi) can
drive selective cell kill without an antecedent requirement for
DNA damage and cell cycle replication, an especially useful
feature to target the indolent phase of lower-grade glioma.
However, systemic administration of NAMPTi in patients has been

hampered by unfavorable pharmacokinetic properties and dose-
limiting hematologic and gastrointestinal toxicities (13).
We and others have reported preoperative (14–18) and

intraoperative (19, 20) methods for unambiguous diagnostic
identification of IDH mutant glioma. With the acceleration of
molecular information into the perioperative setting, these
techniques could then be coupled with local therapeutic appli-
cation during a tumor resection. We hypothesized that IDH
mutant gliomas could benefit from genotype-based surgical
therapy with in situ administration of targeted therapies that
cannot otherwise be effectively dosed systemically.

Significance

Lower-grade gliomas are often characterized by mutations in
metabolism-related genes isocitrate dehydrogenase 1 (IDH1)
and IDH2. Resection of these tumors is constrained by adjacent
eloquent cortex, resulting in local failures. Studies showed that
IDH mutant cells are sensitive to metabolic therapeutics, but
these drugs are limited by systemic toxicities. We hypothesized
that application of metabolism-altering therapeutics at the
surgical margin would improve tumor control and minimize
toxicity. We developed an intraoperative diagnostic assay to
identify IDH mutations. We show that intratumoral adminis-
tration of sustained release formulations of metabolism-
altering compound prolongs survival in a mouse model of
IDH mutant glioma. This genotype-based paradigm introduces
a workflow in surgical oncology that can be extended to other
tumors characterized by targetable molecular alterations.
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Results
Diffuse Astrocytoma Progression Is Predominantly Local Failure. We
first characterized the patterns of IDH mutant glioma progres-
sion (Fig. 1A) by retrospectively analyzing an institutional cohort
of 130 patients who underwent resection. We found that 82%
experienced tumor regrowth within 2 cm of the initial tumor
margin (Fig. 1B). This local failure was a harbinger of poor
prognosis, with these patients displaying a shorter progression-
free survival in comparison with those experiencing a more distal
failure (Fig. 1C). More extensive resection and adjuvant radia-
tion therapy prolonged time to local failure (SI Appendix, Fig.
S1A), while distal failure did not correlate with extent of re-
section or administration of adjuvant chemotherapy or radiation
therapy (SI Appendix, Fig. S1B). Given the pattern of local
failure in IDH mutant glioma, we hypothesized that the clinical
benefit of extensive resection and adjuvant radiation therapy
could be augmented by NAMPTi if applied at the tumor margin.
The necessary elements of a surgical workflow for precision
intraoperative local therapy include rapid and accurate molec-
ular diagnosis combined with delivery of a therapeutic agent at
the resection margin (Fig. 2). In this study, we sought to develop
a rapid molecular diagnostic and a sustained release formulation
of NAMPTi as a prototype for this proposed surgical oncology
paradigm.

Formulation of Sustained Release Microparticles of Metabolic Inhibitors
Targeting IDH Mutant Glioma. The utility of local chemotherapy
for glioma is well-established (21, 22). We extended these prior
efforts with the design of a sustained release microparticle (MP)
for local delivery of NAMPTi to sensitive tumor types. To es-
tablish pharmacokinetic parameters of the drug, we first tested
the blood and brain tissue concentrations of GMX-1778, an
NAMPTi with partial BBB permeability that is effective in IDH1
mutant orthotopic glioma xenograft models (12), when admin-
istered at known therapeutic doses in nontumor-bearing 6- to
7-wk-old SCID mice. After a single oral dose of 250 mg/kg,
GMX-1778 levels reached a peak concentration of 18.0 ± 3.6 μM
in the plasma and 3.0 ± 1.5 μM in the brain within 2 h. Within

24 h, GMX-1778 was no longer detectable in brain, indicating
that repeated dosing would be required to maintain a therapeutic
intracerebral concentration (SI Appendix, Fig. S2A). This obser-
vation is echoed in clinical trials that find that 1-d-long dosing
regimens or intermittent drug holidays result in minimal thera-
peutic activity (23–25). To ensure consistent therapeutic drug
levels, we carried out our toxicity studies using a repeat dosing
strategy. Systemic toxicity in nontumor-bearing SCID mice was
assessed after dosing GMX-1778 daily for 5 consecutive days.
GMX-1778–treated animals had weight loss, while vehicle-
treated animals maintained their weight (SI Appendix, Fig.
S2B) (17.9 ± 1.1 g, n = 5 vs. 21.8 ± 0.6 g, n = 9 control dextrose-
treated animals; P < 0.05). GMX-1778–treated animals were also
found to have anemia (hemoglobin: 6.7 ± 0.8 g/dL, n = 4 vs. 9.2 ±
0.5 g/dL, n = 5; P < 0.05) and uremia (20.5 ± 1.9 mg/dL, n = 4 vs.
15 ± 0.5 mg/dL, n = 4; P < 0.05) (SI Appendix, Fig. S2C), and livers
examined from killed mice were characterized by eosinophilic
cholangitis (SI Appendix, Fig. S2D).
For initial MP designs, we opted to encapsulate both GMX-

1778 and FK866, a chemically dissimilar but potent NAMPTi
that does not measurably accumulate in the brain parenchyma
when given systemically, in matrices of poly(lactide-coglycolide),
a well-studied, safe, and biodegradable copolymer. Varying pa-
rameters, such as polymer:drug ratio, lactide:glycolide ratio,
method of solvent evaporation, and method of mixing (SI Ap-
pendix, Table S1), we evaluated nine formulations for drug
loading and presence of drug crystals by HPLC and SEM, re-
spectively. In some cases, MPs prepared by rapid solvent evap-
oration were noted to have significant numbers of unbound drug
crystals (e.g., Formulation A) (Fig. 3A). These crystals could be
removed from the formulation by washing the particles with an
ionic surfactant in which drug had high solubility, but this process
markedly reduced drug loading [<0.1% (wt/wt), Formulation H].
Conversely, by washing the particles with nonionic surfactant, we
achieved GMX-1778 loading of 4.5% (wt/wt) in a preparation
otherwise free of drug crystals (Formulation I) (Fig. 3B). In this
formulation, the particle size distribution was unimodal, with
peak size measuring between 3 and 4 μm (Fig. 3C). Release
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Fig. 1. IDH1-mutated diffuse astrocytomas shows local disease progression. (A) This representative patient with diffuse astrocytoma illustrates disease
progression adjacent to the initial lesion. (B) Retrospective analysis of 130 patients with IDH-mutated diffuse astrocytomas reveals local progression within
2 cm of the initial lesion in 81.8% of patients. (C) Median progression-free survival was 4.7 y for local failure vs. 5.1 y for distal failure.
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kinetics of this formulation was biphasic, with ∼12% released daily
for the first 4 d and a cumulative drug release of 60% reached
asymptotically after 8 d (Fig. 3D).
In vitro bioactivity assays showed time-dependent decrease in

cell viability when GMX-1778 MPs from Formulation I were
coincubated with MGG152, an IDH1 mutant patient-derived
glioma line, resulting in a 34.5 ± 1.7% decrease in viability at
24 h and a 96.3 ± 0.2% decrease at 72 h (Fig. 3E) (n = 3). This
effect on cell viability correlated with an on-target pharmaco-
dynamic effect of decreased NAD+ levels of 83 ± 1% at 24 h and
97 ± 0.1% at 72 h (SI Appendix, Fig. S3A). Similar, although
smaller, decreases in cell viability and NAD+ levels were noted
with an MP formulation using FK866 (Fig. 3E and SI Appendix,
Fig. S3A). The effect on cell viability was specific to glioma cells
harboring the IDH1 mutation and not to other IDH1 wild type,
TERT promoter-mutated glioma cell lines obtained from tumors
of the same histologic grade (Fig. 3F and SI Appendix, Fig. S3B).
Analysis of drug concentration in the media revealed a time-
dependent increase in GMX-1778 of 40.4 ± 2.3 nM at 24 h
and 63.8 ± 3.7 nM at 72 h. Given the more potent activity of
GMX-1778 MPs in comparison with FK866 MPs, we opted to
pursue the former for subsequent experiments.

Development of Intraoperative Genotyping Diagnostic to Guide Local
Targeted Therapy in Glioma. Given this differential response to
NAMPTi, we recognized that knowledge of the tumor genetic
status is a necessary precursor to administration of precision
local therapy (19, 20). To obviate the need for a separate di-
agnostic procedure and assign genetic status in an intraoperative
timeframe, we broadened the diagnostic capability of our pre-
viously developed multiplexed qPCR-based rapid genotyping
assay (20). By suppressing exponential amplification of wild-type
alleles, detection of mutations in IDH1 at the R132 codon, two
TERT promoter mutations (C228T and C250T), H3F3A at the
K27 codon, and BRAF at the V600 codon was successful at an
allelic fraction of 1% within 27 min (Fig. 4A and SI Appendix,
Figs. S4–S7 and Table S2). The detection of IDH1 R132H
in tumor specimens was 100% concordant with immunohisto-
chemistry for the mutant protein; in addition, the genotyping
assay was able to capture additional noncanonical IDH1 mu-
tations that would be otherwise negative by immunohisto-
chemistry (IHC) (Fig. 4B). This sensitivity is within the range of
allelic fraction noted in a cohort of infiltrative brain tumor
specimens previously analyzed by an orthogonal next gener-
ation sequencing assay: IDH1 R132 mutations median: 32%
(5–52%), TERT promoter mutation: 23% (12–61%), and BRAF
V600E: 29% (6–39%) (SI Appendix, Table S3). Detection of one

Fig. 2. Proposed intraoperative workflow for genotype-targeted therapy of glioma. Current surgical treatment strategy for patients with nonenhancing
brain lesions is maximal resection. Here, we establish a modern paradigm for establishing a molecular diagnosis of a tumor specimen (red arrow) to guide the
delivery of a genotype-directed local therapy at the surgical margin during neurosurgical resection (blue arrow) to target the surrounding infiltrative disease
(Bottom).

E8390 | www.pnas.org/cgi/doi/10.1073/pnas.1805751115 Shankar et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805751115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805751115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805751115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805751115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805751115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805751115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805751115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805751115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1805751115


of the mutations confirmed the presence of tumor tissue, and mu-
tual exclusivity of the alterations served as reciprocal internal pos-
itive controls to reserve the intraoperative decision for in situ
application of NAMPTi to IDH mutant gliomas (26). We validated
our assay on 87 clinically annotated brain tumor specimens (Fig. 4B)
and found that 75 of 87 brain tumor samples (86%) were captured
by the presence of one or more mutations; when restricted to tu-
mors with diffuse glioma histology, >90% of cases are positively
assigned. From a tumor diagnostic standpoint, such a high rate of
“positive” assignment (vs. assignment by exclusion) allows for con-
fidence to distinguish tumor versus nonneoplastic pathologies.

Metabolic Inhibitor MPs Restrict IDH1 Mutant Glioma Progression.
We provisioned our GMX-1778 MPs for use in murine models.
Nontumor-bearing mice receiving intracranial injection of
GMX-1778 MPs displayed no detectable toxicities. Specifically,
no seizures occurred, no local infections occurred, and there was
no detectable anemia (hemoglobin: 11.6 ± 0.4 g/dL for blank
vs. 11.0 ± 1.1 g/dL for GMX-1778 MPs). GMX-1778 levels in

brain parenchyma were below the limit of detection by liquid
chromatography-mass spectrometry (LC-MS) at 2 or 7 d after
intracranial implantation of MPs, consistent with the sustained
release of low nanomolar concentrations of compound followed
by subsequent clearance.
To then assess whether tumor growth could be impacted in

vivo, we established orthotopic glioma xenografts by stereotactic
intracranial implantation of MGG152 (IDH1 R132H mutant) or
U87 (IDH wild type, TERT promoter-mutated) cells engineered
to express firefly luciferase (SI Appendix, Fig. S8). Established
tumor growth was first confirmed by bioluminescence imaging
performed 15 d after implantation (Fig. 5A). While the majority
of the mass was nodular, these orthotopic tumors also displayed
invasive growth (SI Appendix, Fig. S9) similar to the infiltrative
histology noted in patients. Notably, a single stereotactic intra-
tumoral injection of GMX-1778 MPs into established tumors
resulted in suppression of the MGG152 intracerebral tumor growth
compared with stereotactic intratumoral injection of blank MPs
(Fig. 5 A and B). In accord, intracerebral treatment resulted in a
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significant improvement in median survival (Fig. 5C) (58.5 ±
3.8 d for blank MPs, n = 6 vs. 79.0 ± 3.7 d for GMX-1778 MPs,
n = 8; P < 0.01). As a control, stereotactic intratumoral injection
of GMX-1778 MPs did not significantly affect tumor growth or
survival in an IDH wild-type orthotopic model (Fig. 5A and SI
Appendix, Fig. S10) (29.5 d for blank MPs, n = 4 vs. 29 d for
GMX-1778 MPs, n = 5).

Discussion
Development of drugs and drug carriers that effectively cross the
BBB contributes significantly to our ability to treat brain tumors (27).
Since the tumor receives only a small fraction of the blood supply,

drug loss throughout the systemic distribution brings resultant off-
target toxicities (28). As such, drug-targeting strategies, such as
nanoparticulate carriers and prodrugs, may have the potential to
diminish select side effects associated with systemic chemotherapy
(29). Surgery uniquely provides direct access to the site of the pri-
mary tumor for direct application of sustained release formulations.
Genetically targeted treatment of tumors has had a significant

impact on patient survival in many cancer types (30–33). Here,
we establish a metabolic local therapy for gliomas that can be
integrated into precision surgical oncology workflows. The pur-
suit of wide marginal resection of the infiltrative borders surrounding
IDH mutant gliomas (34–37) is constrained by the need to preserve
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adjacent functional brain tissue. IDH mutant glioma, therefore,
represents an ideal oncologic lesion for development of a local de-
livery strategy given the potential to meaningfully impact the natural
history of local progression by direct application of effective treat-
ment at the initial surgical resection margin. While the in vivo model
described in this study is akin to in situ implantation after stereotactic
biopsy, studies in larger animals will be required to test the efficacy
of these MPs in a tumor resection model.
Indeed, further assessments of drug-specific pharmacokinetics

of MPs are needed to select the optimal formulation to advance
into future clinical trials. For instance, BBB-impermeable com-
pounds, such as FK866, may be more effective when delivered
locally. Furthermore, the delayed but inevitable progression in the
IDH mutant orthotopic model after local delivery of NAMPTi
could be related to bioavailability of the drug at the tumor margins
or acquired resistance to monotherapy with NAMPTi alone.
Given our recent findings of a combination metabolic effect be-
tween alkylating chemotherapeutics and NAMPTi in IDH mutant
cancers (38), synergistic strategies combining local MP admin-
istration with standard-of-care systemic temozolomide could
further augment therapeutic benefit and potentially minimize
the development of resistant escape clones.

More generally, NAMPTi sustained release MPs could find
utility for local metabolic treatment of other tumors characterized
by IDH1 mutation, such as cholangiocarcinoma (39) or cartilagi-
nous tumors (40–42). Within the CNS, the pairing of intra-
operative molecular diagnosis with local targeted therapy could
also be pursued for other tumors bearing hotspot mutations cap-
tured on our diagnostic platform, such as BRAF mutant gliomas,
melanoma brain metastases, or craniopharyngiomas (43, 44).
Additionally, application of precision therapies locally repre-
sents an opportunity for the reconsideration of otherwise effec-
tive anticancer agents that have been abandoned due to systemic
toxicities. Approaches similar to our strategy could enable
genotype-based local therapeutics for other genetically defined
cancers during surgical intervention.

Materials and Methods
Clinical and radiographic retrospective review was performed under institutional
reviewboard protocols atMassachusetts General Hospital andUniversity Hospital
Dresden, with an approved waiver of consent. An intraoperative genotyping
assay was engineered to be sensitive to diagnostic hotspot mutations in IDH1
R132, TERT promoter, H3F3A K28M, or BRAF V600E at 1% allelic fraction and
validated on clinically annotated CNS specimens. Biodegradable MPs containing
IDH1-directed NAMPTis were designed to provide sustained local delivery of
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these compounds. MPs were tested for in vitro activity in cell culture and in vivo
efficacy in murine orthotopic IDH1 mutant glioma models (SI Appendix, SI
Materials and Methods).
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