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Functional prediction of response
to therapy prior to therapeutic
intervention is associated

with improved survival in patients
with high-grade glioma
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Patients with high-grade glioma (HGG) have an extremely poor prognosis compounded by a lack

of advancement in clinical care over the past few decades. Regardless of classification, most newly
diagnosed patients receive the same treatment, radiation and temozolomide (RT/TMZ). We developed
a functional precision oncology test that prospectively identifies individual patient’s response to

this treatment regimen. Tumor tissues isolated from patients with newly diagnosed HGG enrolled

in 3D PREDICT REGISTRY were evaluated for response to chemotherapeutic agents using the 3D
Predict™ Glioma test. Patients receiving RT/TMZ were followed for 2 years. Clinical outcomes
including imaging, assessments, and biomarker measurements were compared to patient matched
test-predicted therapy response. Median survival between test-predicted temozolomide responders
and test-predicted temozolomide non-responders revealed a statistically significant increase in
progression-free survival when using the test to predict response across multiple subgroups including
HGG (5.8 months), glioblastoma (4.7 months), and MGMT unmethylated glioblastoma (4.7 months).
Overall survival was also positively separated across the subgroups at 7.6, 5.1, and 6.3 months
respectively. The strong correlation of 3D Predict Glioma test results with clinical outcomes
demonstrates that this functional test is prognostic in patients treated with RT/TMZ and supports
aligning clinical treatment to test-predicted response across varying HGG subgroups.

High grade gliomas (HGG), including astrocytoma, IDH-mutant and glioblastoma, IDH-wildtype, are a class
of aggressive brain cancers with extremely poor prognosis, and minimally effective treatment options'? Glio-
blastoma (GBM) is the most commonly occurring type, making up about 50% of all malignant central nervous
system tumors’ and has a worse prognosis than astrocytoma. Following maximal safe surgical resection, almost
all newly diagnosed HGG patients undergo the “Stupp” protocol and are treated with radiation and concurrent
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temozolomide (RT/TMZ) followed by adjuvant temozolomide®*. The adoption of this protocol improved median
survival in HGG by 2.5 months over radiation treatment alone’. Still, almost all patients undergo recurrence,
and the 5 year survival rate remains less than 10%, as it has for the past 30 years®’.

Biomarkers, such as methylation of the MGMT promoter and mutation of IDHI/2 have been used over the
last two decades to classify patients and provide limited evidence as to their likelihood of survival in relation to
treatment choice®*13. Methylation of the MGMT promoter is associated with better prognosis and survival with
RT/TMZ compared to unmethylated patients>'*-'7. However, this has not led to a fundamental shift in treatment
paradigms for the two groups of patients®'®. Additionally, this binary grouping of patients based upon abstrac-
tion and reliance on the same treatment regardless of biomarker ignores the fact that there are patients in both
groups who do not clinically perform as the group does. This can lead to detrimental effects for those patients,
including toxicity, both physical and financial, and the inability to enroll in future clinical trials for which previ-
ous treatment may be disqualifying'®-?. In general, all patients would benefit from a more direct knowledge of
their predicted response to standard of care (SOC) prior to treatment to make informed decisions, potentially
open the path to clinical trial enrollment, and maximize their time to recurrence.

Current precision medicine provides patients with early stage, personalized direction for treatment choices
by linking known genomic mutation(s) to a drug targeting that mutation?"*. There is no individualized assur-
ance of response to the targeted agent and many patients do not possess any actionable targets or do not derive
clinical benefit from this therapy-matching approach?. Personalized treatment options for patients with HGG
are especially lacking, due to intratumoral heterogeneity, lack of defined molecular pathways contributing to
the disease, multiple potential genetic drivers, the impedance of the blood-brain barrier, and lack of effective
targeted therapies®. Functional precision medicine can overcome these barriers to personalization as it uses the
direct contact of a patient’s tumor cells with drugs against which the response is being interrogated. This removes
the insufficiency of genetic probability and overcomes the limitation of available drugs for detectable targets.
Recent studies in hematologic malignancies have shown the potential to improve clinical outcomes when chemo-
therapeutic agent selection is aligned with functional results in contrast to genetic signatures*-*¢. Additionally,
studies in solid tumors such as GBM and ovarian cancer have shown both the feasibility and predictive power
of functional precision medicine approaches measured by clinical correlation and, increasingly, by successful
clinical use?’~%?. The scarcity of therapeutic benefit in HGG creates a clinical landscape where functional preci-
sion medicine response assessment could have a truly positive clinical impact.

To measure the impact of functional precision medicine on HGG outcomes, we conducted a prospective,
observational clinical study in patients with newly diagnosed HGG in which tissue specimens from individual
patients were screened to assess therapeutic response to a variety of chemotherapeutic agents using the ex vivo
test, 3D Predict™ Glioma. A previous validation dataset demonstrated that test-predicted responders to temozo-
lomide had significantly longer overall survival (OS) compared to test-predicted temozolomide non-respond-
ers (5.7 months)?. The results presented here expand on this previous dataset and continue to demonstrate a
progression-free survival (PFS) and an OS increase for test-predicted responders compared to non-responders
across both HGG and GBM specifically. 3D Predict Glioma provides functional results within 7-10 days of tis-
sue receipt, enabling optimization of patient management prior to therapy initiation. Newly diagnosed HGG
patients whose tumors do not respond favorably to temozolomide could be preferentially directed to participate
in clinical trials or be managed in such a way that might potentially provide greater clinical benefit. These results
support the use of 3D Predict Glioma across the spectrum of newly diagnosed HGG patients.

Results

Patient enrollment and characteristics

To examine the ability of 3D Predict™ Glioma to prospectively predict patient response in a clinical setting, 3D
PREDICT REGISTRY (NCT03561207) was opened to all patients with a suspected or confirmed diagnosis of
HGG, including grade III, IV astrocytoma, IDH-mutant and glioblastoma, IDH-wildtype. For the purposes of
data analysis, HGG was defined as inclusive of astrocytoma and glioblastoma while GBM was defined as exclu-
sively glioblastoma, IDH-wildtype. Upon confirmation of diagnosis, 102 patients with HGG were enrolled from
March 2018 to May 2022 (Fig. 1a). This included 20 patients included in the previous pilot data analysis?’. Of
those 102 patients, three tissue samples failed prior to testing due to poor sample quality, and 13 samples failed
during testing due to failure to meet established quality control metrics, such as cell proliferation, resulting in a
test performance success rate of 87% (86/99). The remaining 86 patients were available for clinical correlation
with test results and were followed for up to two years. Over the course of clinical follow-up, 10 patients were
eliminated from the correlation calculations due to receiving no clinical therapies. Another 14 were eliminated
due to significant lack of clinical follow-up making progression calculations impossible. Finally, three were
removed from analysis due to progression from non-cancer related events. The remaining 59 patients’ data was
analyzed for correlation between test results and clinical outcomes.

The distribution of patients by age, sex, and relevant biomarkers was representative of previously published
HGG patient population demographics, and univariate analysis showed that the only significant differences in
survival were due to histopathology, age, and initial ECOG score (Table 1) reft6?11:1230-32 Survival of the group
overall and of subgroups was consistent with previously published data (Fig. 1b,d, Supplementary Fig. S1). The
seven patients diagnosed with astrocytomas, IDH-mutant had a median OS that was undefined due to survival
throughout the study follow-up period while those in the GBM cohort had a median OS of 11.7 months (Fig. 1b,
Supplementary Fig. S1). This is consistent with the better prognosis for patients with astrocytomas®’. While there
was no significant difference, the female cohort had a slightly better OS than the male cohort (15.9 months vs.
13.2 months), also reflecting data from the general population (Fig. 1c)"*. Finally, when survival was examined
based upon age, the study population continued to follow the general population trend; those 70 and younger
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Figure 1. The 3D PREDICT study population reflected the general HGG population and published outcomes
for HGG. (a) Flow chart describing patient inclusion and exclusion from clinical correlation analysis. (b-d)
Kaplan-Meier curves of overall survival of the HGG population separated by histopathology (b), sex (c), and
age (d).

survived longer than those patients over 70 (16.8 months vs. 4.75 months, p <0.0001)'*** (Fig. 1d). This signifi-
cant difference held true when the GBM only population was examined as well (15.6 months vs. 4.75 months).
Stratification by age is important when making treatment decisions as NCCN guidelines provide the option to
patients over 70 to receive radiation alone®. Taken together this data indicates that the 3D PREDICT REGISTRY
study population was representative of real-world newly diagnosed HGG and GBM.

Prospective correlation of clinical outcome and 3D Predict Glioma for temozolomide

To establish the correlation of 3D Predict Glioma’s temozolomide response prediction to clinical outcomes
in newly diagnosed patients, all 59 eligible patients with HGG received baseline SOC treatment comprised of
surgical debulking followed by radiation and temozolomide (RT/TMZ). Patients were followed for up to 24
months with clinical assessments made by their clinical team and collected to enable correlation with test predic-
tions. Progression was determined by the clinicians based upon imaging and clinical assessments. Initial clinical
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Total population GBM only

Characteristic Patients (n=59) | p-value (PFS) | p-value (OS) | Patients (n=52) | p-value (PFS) | p-value (OS)
Age—years
Median 61 63
Range 32-86 40-86
Age—no. (%)
<70 year 46 (85.2) 40 (83.3)

0.003 <0.001 0.007 <0.001
>70 year 8 (14.8) 8(16.7)
Unknown 5 4
Sex—no. (%)
Male 37 (62.7) 33(63.4)

>0.9 0.3 0.5 0.3
Female 22(37.3) 19 (36.6)
Histopathology—no. (%)
Astrocytoma, IDH-mutant 6(10.2)

0.002 0.004
Glioblastoma, IDH-wildtype 53 (89.8)
IDH mutation status—no. (%)
Mutated 7 (11.9)

0.002 0.002
Wild Type 52(88.1)
MGMT methylation status—no. (%)
Methylated 23(39.6) 17 (34.6)

0.7 0.6 0.3 0.8
Unmethylated 35 (60.4) 32 (65.4)
Unknown 1 3
Tumor location—no. (%)
Right Brain 8(34.7) 7 (36.9)

>0.9 0.7 >0.9 0.9
Left Brain 15 (62.3) 12 (63.1)
Unknown 36 33
Tumor acquisition type—no. (%)
Biopsy 7 (13) 6 (12.5)

0.3 >0.9 0.5 0.9
Resection 47 (87) 42 (87.5)
Unknown 5 4
Residual gross tumor—no. (%)
Yes 23 (44.2) 20 (43.4)

0.8 >0.9 >0.9 0.2
No 29 (55.8) 26 (56.6)
Unknown 7 6
ECOG at enrollment—no. (%)
0 22 (52.4) 19 (50)

0.009 0.005 0.05 0.05
>1 20 (47.6) 19 (50)
Unknown 17 14

Table 1. Demographics of patients at clinical correlation, Irrespective of study predicted treatment response.

correlation was performed against PFS to remove confounding variables associated with the use of additional
treatments following recurrence. Of the 59 analyzable HGG patients, seven received additional therapies prior to
recurrence along with temozolomide, including two who received bevacizumab, three who received pembroli-
zumab, and two that received a cancer vaccine (Fig. 2a). These seven were removed from PFS statistical analysis.
Correlation of test-predicted temozolomide responses and clinical response to treatment revealed the ability of
the 3D Predict Glioma test to identify those HGG and GBM patients with improved PFS outcomes compared
to test-predicted non-responders (Fig. 2b-f). HGG test-predicted responders to temozolomide had a longer
median PFS by 5.8 months (p=0.0010, HR=0.36 (0.20 to 0.64)) compared to test-predicted non-responders
(Fig. 2b,c,f). The increase in PFS amongst test-predicted temozolomide responders compared to test-predicted
non-responders remained statistically significant when refined to GBM only as that subgroup of patients (n=46)
also had a longer median PFS by 4.7 months when predicted to respond to temozolomide compared to those
predicted to not respond (p=0.0033, HR=0.44 (0.24 to 0.81)) (Fig. 2b,d,f). Only 22—27% of patients were pre-
dicted to respond to temozolomide in either of the histopathology groups. This may be reflective of a general lack
of long-term response to temozolomide seen for most patients with HGG. Notably, in the treatment controlled
PFS analysis of GBM patients, 69% (25/36) of those predicted to not respond to temozolomide progressed before
the first predicted responder did.

Multivariate analysis of the GBM population (Fig. 2e) found that with each incremental year in age there
was a slight but statistically significant increase in the risk of disease progression (p=0.038, HR=1.05 (1.00 to
1.11)). Being male also had a significant impact upon PFS (p=0.034, HR=0.42 (0.19 to 0.96)) while having
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Figure 2. 3D Predict Glioma identified HGG and GBM patients with improved PFS with temozolomide. (a)
Flow chart describing the population transition from HGG to GBM for PFS analysis. Green boxes highlight
the groups described in the subsequent analyses. (b) Table summarizing the PFS and corresponding statistics
for HGG and GBM patients. (c,d) Kaplan-Meier curves of PFS for the HGG (c) and GBM (d) populations
separated as test-predicted responders (green) and test-predicted non-responders (red) to temozolomide. The
dashed black line is the patient population unseparated by test prediction. (e) Multivariate Cox proportional
hazards model for PFS. The dashed vertical line at HR =1 represents the null effect, where covariates do not
influence the risk of progression. (f) Individual patient information and drug response.
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an unmethylated MGMT promoter did not (p=0.326, HR=1.48 (0.69 to 3.31)). These results suggest that in
this study, age and sex are significant predictors of progression whereas MGMT methylation status is not. The
subgroup of patients with temozolomide responder status by 3D Predict Glioma demonstrated a statistically
significant association with improved PFS (p=0.027, HR=0.37 (0.14 to 0.85)).

When examining OS, 3D Predict Glioma predictions also had a trend towards longer survival in predicted
responders versus non-responders in the 59 HGG patients and 52 GBM patients (Fig. 3). Test-predicted respond-
ers for both histopathologies had an increased median OS compared to test-predicted non-responders (dif-
ferences of 7.6 and 5.1 months, respectively) although only the HGG population difference was significant
(p=0.0433, HR=0.63 (0.33 to 1.21)) (Fig. 3b,c,e). The GBM patients in general did worse than the HGG popu-
lation (Fig. 3b,c), most likely due to the inclusion of astrocytoma patients in the HGG population who would
be expected to survive longer. The same difference in time to event between first predicted responder and the
predicted non-responders was seen when OS was examined for both HGG and GBM with 42% (20/48) and
49% (20/41) respectively of predicted non-responders dying before the first test-predicted responder (Fig. 3c).

Multivariate analysis of the GBM population (Fig. 3d) found that increasing age is associated with a higher
risk of mortality (p=0.001, HR=1.09 (1.04 to 1.15)). The risk associated with being male or having an unmeth-
ylated MGMT promoter did not reach statistical significance (p=0.446, HR=1.33 (0.65 to 2.88) and p=0.202,
HR=1.74 (0.77 to 4.26), respectively). These results suggest that in this study age is a significant predictor of
survival whereas sex and MGMT methylation status are not. Unlike with PFS, the subgroup of patients with
temozolomide responder status in 3D Predict Glioma showed a non-significant association with improved
survival (p=0.194, HR=0.57 (0.23 to 1.29)).

21 GBM patients received additional therapies and/or additional surgeries which could serve to confound the
OS statistics (Supplementary Figure S2). When those patients were removed to examine the patients that only
received radiation and temozolomide (RT/TMZ), the survival difference remained non-significant and decreased
to 4.25 months but the p-value and hazard ratio improved (p=0.0841 from p=0.1210 and HR=0.57 (0.25 to
1.33) from HR=0.79 (0.39 to 1.6)) (Supplementary Figure S2). The same difference in time to event between first
predicted responder and the non-responders was seen with this subgroup as well with 64% (16/25) of predicted
non-responders dying before the first test-predicted responder (Supplementary Figure S2). Finally, multivariate
analysis of this subgroup did not change from the full OS analysis. The precipitous drop-oft in survival in the
test-predicted responder group at 12 months, especially when a patient only received RT/TMZ, may be indicative
of the need for additional treatments including surgery or further therapy.

Age is consistently recognized as a significant prognostic indicator for HGG, with advancing age strongly
associated with shorter survival'>. NCCN guidelines stratify patients by age with those over 70 given the option
of radiation alone regardless of performance or MGMT promoter methylation status. Thus, the 3D PREDICT
REGISTRY population was interrogated for drug response prediction based upon age stratification (Fig. 4). An
interrogated cutoft of 65 years of age was used based upon the median age at diagnosis, 64, and the healthcare
implications of the Medicare population. Importantly, within this cohort of the study population, all patients were
GBM, IDH-wildtype. In the study population over 65 years of age, test-predicted responders to temozolomide
had a statistically significant increase in median PFS by 4.6 months (p=0.0494, HR=0.47 (0.18 to 1.24)) and
a non-significant trend towards an increase in median OS by 6.1 months (p=0.1336, HR=0.59 (0.22 to 1.61))
compared to test-predicted non-responders (Fig. 4a—c). This data indicates that 3D Predict Glioma may provide
clinicians and their patients with an additional piece of information to enable decisions for patient populations,
such as the elderly, that are more prone to suffer treatment related adverse events and are guidelines directed to
potentially avoid chemotherapy.

3D Predict Glioma predicts response to temozolomide regardless of MGMT methylation status
Methylation of the promoter region of MGMT has been recognized as a predictor of response to temozolo-
mide treatment in glioma patients for approximately 20 years***. However, it is not a perfect predictor as there
are unmethylated patients that still do well on temozolomide and there are methylated patients who do not
as evidenced by the survival curves in numerous studies with both short- and long-term survivors in both
categories”!®*. We examined the correlation of 3D Predict Glioma results against clinical outcomes in relation
to MGMT promoter methylation (Fig. 5a). When the HGG and GBM populations were separated only by MGMT
methylation (Fig. 5b,c), they followed published trends with the methylated patients having a slightly longer
median survival than the unmethylated patients (15.3 months versus 13.2 months). The survival curves followed
a trend noted in previous studies’** of the survival curves not separating until approximately 12 months. Notably,
the differences in survival based on methylation were less pronounced in the GBM only population because the
astrocytoma, IDH-mutant patients contributed to the longer survivors in the HGG cohort (Fig. 5b,c).

When the test-predicted responders and non-responders were stratified to MGMT methylation status, the low
number of methylated responders made it difficult to draw any conclusion (Supplementary Figure S3) while the
separation in the unmethylated population became evident. Independent examination of the MGMT unmethyl-
ated GBM population revealed that 3D Predict Glioma was able to identify the unmethylated patients that did
relatively well on temozolomide (test-predicted responders) with median PES (9.1 months) and OS (18 months)
similar to the responders in the non-stratified populations (9.1 months and 16.8 months, respectively) (Fig. 5d-f).
Approximately 30% of the unmethylated MGMT GBM patients were test identified as responders to temozolo-
mide and had a longer median PFS (4.7 months longer, p=0.003, HR=0.35 (0.16 to 0.75)) and OS (6.3 months
longer, p=0.0664, HR=0.65 (0.30 to 1.39)) than the test predicted non-responders (Fig. 5d-f).

The testing methods for MGMT methylation vary and the criteria for a positive (methylated) or negative
(unmethylated) response also varies with each available test. To examine the role of test type and compare it
to 3D Predict Glioma test outcomes, we categorized patient MGMT methylation data by test type, examined
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Figure 3. 3D Predict Glioma identified glioma patients with improved OS with temozolomide. (a) Flow chart
describing the population transition from HGG to GBM for OS analysis. Green boxes highlight the groups
described in the subsequent analyses. (b) Table summarizing the OS and corresponding statistics for HGG and
GBM patients. (c) Kaplan-Meier curves of OS for the HGG and GBM populations separated as test-predicted
responders (green) and test-predicted non-responders (red) to temozolomide. The dashed black line is the
patient population unseparated by test prediction. (d) Multivariate Cox proportional hazards model for OS. The
dashed vertical line at HR=1 represents the null effect, where covariates do not influence the risk of progression.
(e) Individual patient information and drug response.
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Figure 4. 3D Predict Glioma identified elderly glioma patients with improved PFS and OS with temozolomide.
(a) Table summarizing the PFS and OS and corresponding statistics for GBM patients greater than 65 years of
age. (b,c) Kaplan-Meier curves of OS (b) and PFS (c) for the greater than 65 GBM population separated as test-
predicted responders (green) and test-predicted non-responders (red) to temozolomide. The dashed black line is
the patient population unseparated by test prediction.

methylation-based survival outcomes in the GBM patients, and compared the survival outcomes for the same
patients using 3D Predict Glioma. The majority of study patients (32 of 59 patients) were interrogated for MGMT
promoter methylation using the same methylation-specific polymerase chain reaction (msPCR) test (Fig. 6a).
This was followed in prevalence by pyrosequencing on 12 patients and NGS on six. The msPCR test utilized
a real-time methylation specific PCR assay to evaluate 8 CpG sites within the MGMT promoter™®. A positive
result does not require methylation at all 8 sites. The pyrosequencing test assessed 4 CpG sites with a positive
test requiring all four sites be methylated.

Two patients tested by msPCR and two by pyrosequencing were removed from survival analysis due to an
indeterminate result. Interestingly, when the remaining 30 patients tested using msPCR were stratified by meth-
ylation status, the msPCR based outcomes did not reflect previously reported MGMT methylation data as the
unmethylated patients had a longer median OS than the methylated patients (14.4 months versus 6.4 months)
(Fig. 6b,c). However, when the 3D Predict Glioma results were used to stratify this same patient population, the
predicted responders survived longer than the predicted non-responders (18.05 months versus 11.5 months)
(Fig. 6b,d). The split by patient number was approximately equal with 23-26% of patients being predicted to
respond to temozolomide whether by methylation or functional response. However, only two of the seven meth-
ylated patients were identified as responders by 3D Predict Glioma (data not shown). When the pyrosequencing
patients were examined, the difference in survival based upon MGMT methylation was not as pronounced but
the unmethylated patients still had a longer median OS than the methylated patients (Fig. 6b,e) and 3D Predict
Glioma only identified one responder within this ten-patient set who happened to also be an unmethylated
patient (Fig. 6b,f).

Since the data suggests the type of MGMT methylation test may affect the determination of MGMT methyla-
tion status, we retrospectively standardized the categorization across all patients by testing those that we had
material for with our own clinically available MGMT methylation test (Fig. 7). Those performing the MGMT
methylation testing in our labs were blinded as to the outcome of the tests at the clinical sites. Our msPCR test
covers 12 CpG sites (75—86) of the MGMT promoter. This overlaps the 8 sites used in the previously discussed
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Figure 5. 3D Predict Glioma identified those patients with an unmethylated MGMT promoter that still did
well with temozolomide treatment. (a) Individual patient information and drug response. (b,c) Kaplan-Meier
survival curves stratified by MGMT promoter methylation in the HGG (b) and GBM (c) populations. (d) Table
summarizing the PFS and OS and corresponding statistics for GBM patients with an unmethylated MGMT
promoter (GBM, MGMTV). (e,f) Kaplan-Meier survival curves for GBM, MGMTV patients for PFS (e) and OS
(f) separated by test-predicted responders (green) and test-predicted non-responders (red). The dashed black
line is the patient population unseparated by test prediction.

msPCR assay (79—86). As with the other test, a positive outcome is calculated relative to the amplification
of an endogenous control gene (Actin B). All 12 sites do not have to be methylated for a positive outcome.
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Figure 6. 3D Predict Glioma stratified patient response regardless of the MGMT promoter methylation test
used. (a) bar graph indicating the different tests used to clinically determine MGMT promoter methylation,
including the number of methylated (light purple), unmethylated (dark purple) and inconclusive (gray) patients
identified with each test type. (b) Table summarizing the OS for each test and categorization of patients along
with the associated statistics. (c,e) Kaplan-Meier survival curves of the populations stratified by methylation
state for the msPCR (c) and pyrosequencing (e) tested populations. (d,f) Kaplan-Meier survival curves of the
populations stratified by 3D Predict Glioma test prediction for the msPCR (d) and pyrosequencing (f) tested
populations.

Importantly, unlike other tests, our lab performs testing upon unfixed, fresh or frozen cells rather than FFPE
samples removing some of the issues that can come from fixation, such as over-fragmentation. We were able
to test 41 of the 52 GBM samples including three of the four inconclusive samples. When we compared the 38
samples with results from both the mix of clinical tests and our clinical test, the methylated patients identified
by our test survived slightly longer (13.5 vs. 10.9 months) while the unmethylated patients survived the same
(13 months) (Fig. 7a,b). In general, our test identified more patients as methylated with 12 unmethylated switch-
ing to methylated categorization and five methylated switching to unmethylated (Fig. 7c,d). When comparing
the msPCR tested cohort to our MGMT test we had a concordance of 50% (12/24) and similar outcomes for the
methylated and unmethylated unlike the test performed for clinical use which revealed a statistically significant
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Figure 7. Standardization of MGMT promoter methylation testing affects MGMT promoter methylation
categorization. (a,b) Kaplan-Meier survival curves stratified by MGMT promoter methylation in the GBM
population as a conglomerate of multiple test types (a) and tested with Kiyatec’s MGMT methylation test (b).

(c) Bar graph indicating the different tests used to clinically determine MGMT promoter methylation, including
the number of methylated (light purple), unmethylated (dark purple) and inconclusive (gray) patients identified
with each test type. (d) Table summarizing the OS for each test and categorization of patients along with the
associated statistics. (e,g) Kaplan-Meier survival curves of the populations stratified by methylation state for the
msPCR (e) and pyrosequencing (g) tested populations. (f,h) Kaplan-Meier survival curves of the populations
stratified by 3D Predict Glioma test prediction for the msPCR (f) and pyrosequencing (h) tested populations.
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survival benefit for the unmethylated cohort (Fig. 7d—f). When comparing to the pyrosequenced patients, we
also had a concordance of 50% (5/10) and the methylated patients, as determined by our test, performed better
than the unmethylated patients (Fig. 7d,g-h). Taken together, this data supports what others have found, that if
MGMT methylation is to be used to determine treatment, testing type and categorization requirements should
be standardized as they can affect results'**%7.

Discussion

In this study, prospectively generated 3D Predict Glioma test results were correlated with clinical outcomes in
newly diagnosed HGG patients and subgroups, including GBM, age, and unmethylated MGMT. In all groups
analyzed, test-predicted responders survived longer than test-predicted non-responders and historical median OS
(14.6 months) and PFS (6.7 months)®. The inverse was also true with test-predicted non-responders performing
worse than test-predicted responders and historical medians. For unmethylated MGMT promoter patients, 3D
Predict Glioma test results identified those patients that responded even though the biomarker indicated they
were unlikely to. Notably, for all GBM populations, at least 50% of test-predicted non-responders either pro-
gressed or died before the first test-predicted responder. The data in this analysis, along with previously published
data ¥, demonstrates the power of 3D Predict Glioma and functional precision medicine to provide patient-
specific drug response predictions beyond the current limitations of traditional biomarkers in HGG and GBM.

In 2005, Stupp et al. provided evidence that the addition of temozolomide to radiation therapy for patients
with HGG would improve survival outcomes®. The survival increase was approximately 2.5 months across a
population that included astrocytoma and did not select for MGMT methylation or IDH mutation, but recurrence
rates did not change®. This led to the current SOC for all HGG patients of radiation with concomitant temozo-
lomide followed by adjuvant temozolomide. At the same time, the use of MGMT methylation as a biomarker to
predict response in patients treated with radiation and concomitant temozolomide was published®. While these
two seminal publications have resulted in treatments that provide a survival increase to some patients, they have
not led to the truly individualized personalization of treatment for newly diagnosed patients. 3D Predict Glioma
is truly personal medicine on an individual level and the survival improvements in all studied groups of patients
in this analysis far exceed the 2.5 months that today’s SOC is based on. Importantly, for clinical utility, the use
of this test in SOC to inform decision making does not affect current surgical resection guidance and can work
in conjunction with MGMT methylation, NGS, and other already utilized tests to provide even better-informed
patient care.

While our observational study had several strengths, the small sample size and observational format did result
in weaknesses. The assay format avoided some of the pitfalls of other studies by not requiring subculturing or
expansion of cells prior to testing ?***~*! which can lead to the elimination of immune cells and has been shown
to potentially result in changes to MGMT methylation. This also allowed test results to be returned prior to the
initiation of treatment which will allow clinicians to change treatment paradigms without disrupting standard
procedures. The use of extended dose response curves rather than categorization based upon a single dose of
drug, when combined with a significant sample size, may eventually inform upon clinical dosing or treatment
length. The reliance on fresh tissue is both a weakness and a strength. Fresh tissue provides the most robust
representation of the patient’s tumor, free of cross-linkers or other preservation techniques, but requires special
handling and logistics. It additionally adds variables to the resulting readout such as the amount of actual tumor
tissue, the heterogeneity of the cell types, and the inclusion of necrotic tissue which can be good or bad for the
readout. Finally, the ability to abstract test results determined with treatment naive tissue at new diagnosis to
2nd, 3rd, or 4th line treatment has not been established.

This registry study was prospective and reflected the real-world practice for HGG resulting in ex vivo test
results that were unbiased to clinical outcome. Similar to other studies, it did limit the study population to
those patients that could receive surgery and were also able to undergo radiation and temozolomide treatment
prior to progression. The small sample size did result in low power, and while the median survival rates were
improved for test-predicted responders, significant differences in long-term survival were not observed. This
has been seen in numerous other studies attempting to predict therapy response and may reflect an inability of
temozolomide to result in a long-term and lasting response for most HGG patients beyond approximately 2 years
>%4243 Tmportantly, the time to first event was greatly extended in the test-predicted responders compared with
the test-predicted non-responders with 50% or more test-predicted non-responders experiencing their first
event before the first test-predicted responder did. The test provides a way to identify those patients more likely
to see an extended response to a treatment that has a median survival of only approximately 14.6 months and
provide early warning for those patients who will not respond to it so decisions can be made earlier. Without
changes in the treatment paradigm, significant differences in survival times will not be possible no matter how
well 3D Predict Glioma performs.

The small sample size may also contribute to the fact that the survival of the patients in our study did not align
with previously reported outcomes based upon MGMT promoter methylation. Interestingly, when we examined
the MGMT promoter methylation survival curves in relation to the test type used, we observed that the msPCR
test did not stratify patients as expected based upon previously published data. When a different msPCR test,
covering more CpG sites was used across all clinical samples, the survival data was similar between the methyl-
ated and unmethylated patients. When the different testing methodologies were individually compared to the
Kiyatec MGMT methylation test, the Kiyatec MGMT methylation test yielded results more similar to previously
published data although the differences may still be due to the small sample size. Further studies examining
the relation of different MGMT promoter CpG sites and their methylation to MGMT protein expression may
help explain the outcome. The addition of 3D Predict Glioma readouts to MGMT promoter methylation, IDH
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mutation, and other clinical tests such as NGS should lead to a better informed, more personalized treatment
plan for each patient.

Patients with HGG have a very short survival window that has not significantly improved in the last two
decades. They are subjected to radiation and therapy that can have a serious impact upon their quality of life.
Additionally, the initiation of chemotherapy often precludes them from inclusion in clinical trials of new agents.
Thus, it is critical that the best treatment strategy is determined as early as possible in each patient’s journey.
Given reasonable evidence of non-response to standard chemotherapy and results from other standard clinical
tests, the lack of other therapeutic options, and in alignment with guidelines, the best treatment strategy for some
individuals within current subgroups such as the elderly and unmethylated MGMT patients may be enrollment in
a clinical trial or treatment with radiotherapy alone. Currently practiced precision medicine bases therapy selec-
tion decisions upon probability of response within a group, while decisions using functional precision medicine
are based upon individual evidence of actual tissue response measured in a lab. For HGG, personalized precision
medicine approaches to date have not delivered the clinical impact that was hoped for. 3D Predict Glioma test
results regarding each individual patients’ predicted response or non-response to SOC adds actionable data to
current patient management. Functional response profiling can be a tool in the armamentarium of information
a physician has to manage patients with HGG in the newly diagnosed setting by providing timely information
on temozolomide susceptibility and increasing the personalization of their treatment. 3D Predict Glioma has
the potential to transform HGG clinical care by providing treatment information spanning different subgroups
of patients along the entire spectrum of disease.

Methods

Study design

Patients with known or suspected newly diagnosed HGG were enrolled in a multicenter, non-randomized,
observational clinical study entitled “3D-PREDICT REGISTRY: 3D Prediction of Patient-Specific Response Using
Ex Vivo Interrogation of Live Cells from Tumors” (acronym 3D PREDICT; ClinicalTrials.gov ID NCT03561207)
from March 2018 to May 2022. The primary outcome of the study was to correlate clinical outcomes to 3D Predict
Glioma test-predicted results. To reflect the new World Health Organization classification, patients were defined
as astrocytoma, IDH-mutant and glioblastoma, IDH-wildtype for analysis purposes*.

Clinical study participants

Central, or site-specific Institutional Review Board (IRB) approval was obtained for each participating site,
including WIRB-Copernicus Group (WCG) (20,190,021), Roswell Park IRB (CR00005809), Prisma Health (for-
merly Greenville Health System) (PRO00075655), OHSU IRB (STUDY00019921), and UCSF IRB (19-27864).
All enrolled patients provided written informed consent. Patients previously analyzed as part of the pilot study®”
were included in this data analysis. Eligible patients were 18 years or older with known or suspected astrocytoma,
IDH-mutant or glioblastoma, IDH-wildtype. Patients were not excluded based upon performance status or older
age. Newly diagnosed patients underwent maximal safe surgical resection or biopsy as standard of care to pro-
vide fresh, live tissue for testing using 3D Predict Glioma. Tissue was collected according to IRB regulations and
guidelines and results of the test were provided to the treating physician, and/or patient, based upon predefined
requirements. All newly diagnosed HGG patients received SOC therapy after debulking (radiation therapy plus
concurrent temozolomide followed by adjuvant temozolomide) per NCCN Guidelines. When allowed by IRB,
test results were generated and received by the clinician within 10 business days of the patient’s surgical resection
enabling the clinician to see the results prior to the initiation of therapy.

Data collection and clinical outcomes

Clinical data were collected at approximately 3-month intervals during follow up visits. PFS and OS were calcu-
lated from the time of surgical resection (tissue sampling) to either progression or death, respectively. Progression
was defined by radiographic imaging, and/or clinician judgement at each participating institution to reflect the
real-world use of the test. IDH mutation and MGMT methylation status were obtained during routine evaluation
of the patient by the participating clinical site.

3D Predict Glioma test performance

Patient specimens were evaluated for response to temozolomide and up to 11 other compounds using 3D Pre-
dict™ Glioma. Methods, along with the analytical and clinical validation of the test were previously published?.
Briefly, fresh, live tumor tissue from patients acquired during surgery was dissociated and cells were plated to
form multicellular spheroids consisting of all cell types present in the tumor tissue. Spheroids were exposed
to compound specific concentration curves followed by viability assessment at prespecified time points. For
temozolomide response assessments, response/non-response classification values were previously established?”.
For other agents on the panel, IC50 thresholds were used to determine status as responder, non-responder, or
moderate responder as previously described?.

MGMT promoter methylation testing

When enough cells were available, MGMT promoter methylation was assayed using Kiyatec’s in-house, vali-
dated MGMT promoter methylation test to compare with and standardize the MGMT promoter methylation
categorization coming from individual clinical sites. Briefly, DNA was isolated using the QIAamp DNA isola-
tion kit (Qiagen) from either frozen cell pellets or cryopreserved cells previously isolated from the same patient
samples as used for 3D Predict Glioma testing. The isolated DNA was bisulfite converted using the EZ DNA
Methylation-Lightning Kit from Zymo Research and MGMT promoter methylation was measured using the
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MGMT Methylation Detection Kit from EntroGen using the manufacturer’s instructions for all kits. Testing
results were not returned to the clinicians or the patients.

Statistical analysis
Demographics and baseline clinical data was summarized using descriptive statistics and analyzed for sig-
nificance using univariate analysis. Kaplan-Meier curves were used to compare drug response categories using
the Mantel-Haenszel test (two-sided p-value, level of significance, p <0.05). For time-to-event endpoints, OS
was calculated starting with the initial sample acquisition (the first surgery) and ending with death or loss to
follow-up reports. The PFS rate was measured from the date of sample acquisition until the first report of disease
progression or death in the medical records of the subject. The statistical analysis was performed by GraphPad
Prism version 10.0.2, R software version 4.2.1, and RStudio version 2022.02.0. Survival Curves were developed
with both GraphPad Prism and the R packages Survival and Survminer. The base R Statistics package was used
to calculate frequency and mean values and the results of the Log Rank test. Medrio eClinical EDC (Electronic
Data Capture) software (Medrio Inc., San Francisco, CA, USA) was used for data collection and quality control.
The influence of patient demographics, 3D Predict Glioma test response to temozolomide, and molecular
features on survival outcomes were quantified using multivariate Cox proportional hazards model. Both OS
and PFS models were adjusted for age, sex, 3D Predict result, and MGMT methylation status. Hazard ratios and
95% confidence intervals were calculated to estimate the relative risk associated with each covariate. To visualize
the relationships between these covariates and survival outcomes, forest plots were generated. Each plot depicts
the point estimate of the hazard ratio and its confidence interval against a reference line denoting no effect. The
statistical significance of each covariate was assessed using p-values, with alpha level of 0.05.

Data availability
Data generated and collected in this study are not publicly available due to patient privacy requirements but are
available upon reasonable request from the corresponding author.

Received: 9 November 2023; Accepted: 29 July 2024
Published online: 29 August 2024

References

1. Ostrom, Q. T. et al. CBTRUS statistical report: primary brain and other central nervous system tumors diagnosed in the United
States in 2015-2019. Neuro Oncol. 24, v1-v95. https://doi.org/10.1093/neuonc/noac202 (2022).

2. Marenco-Hillembrand, L. et al. Trends in glioblastoma: outcomes over time and type of intervention: A systematic evidence based
analysis. J. Neuro Oncol. 147, 297-307. https://doi.org/10.1007/s11060-020-03451-6 (2020).

3. Horbinski, C. et al. NCCN guidelines(R) insights: Central nervous system cancers, version 2.2022. J. Natl. Compr. Cancer Netw.
21, 12-20. https://doi.org/10.6004/jnccn.2023.0002 (2023).

4. National Comprehensive Cancer, N. Central Nervous System Cancers, NCCN Evidence Blocks. NCCN Guidelines 2.2022 (2022).

5. Stupp, R. et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in
glioblastoma in a randomised phase III study: 5 year analysis of the EORTC-NCIC trial. Lancet Oncol. 10, 459-466. https://doi.
0rg/10.1016/S1470-2045(09)70025-7 (2009).

6. Siegel, R. L., Miller, K. D., Wagle, N. S. & Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 73, 17-48. https://doi.org/10.3322/
caac.21763 (2023).

7. Chaichana, K. L. et al. Multiple resections for patients with glioblastoma: Prolonging survival. J. Neurosurg. 118, 812-820. https://
doi.org/10.3171/2012.9.JNS1277 (2013).

8. Stupp, R. et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 352, 987-996. https://
doi.org/10.1056/NEJMo0a043330 (2005).

9. Hegi, M. E. et al. MGMT gene silencing and benefit from temozolomide in glioblastoma. N. Engl. J. Med. 352, 997-1003. https://
doi.org/10.1056/NEJMoa043331 (2005).

10. Cohen, A. L., Holmen, S. L. & Colman, H. IDH1 and IDH2 mutations in gliomas. Curr. Neurol. Neurosci. Rep. 13, 345. https://doi.
0rg/10.1007/s11910-013-0345-4 (2013).

11. SongTao, Q. et al. IDH mutations predict longer survival and response to temozolomide in secondary glioblastoma. Cancer Sci.
103, 269-273. https://doi.org/10.1111/j.1349-7006.2011.02134.x (2012).

12. Yan, H. et al. IDH1 and IDH2 mutations in gliomas. N. Engl. J. Med. 360, 765-773. https://doi.org/10.1056/NEJM0a0808710 (2009).

13. Brown, N. E et al. Survival outcomes and prognostic factors in glioblastoma. Cancers (Basel) https://doi.org/10.3390/cancers141
33161 (2022).

14. Mansouri, A. et al. MGMT promoter methylation status testing to guide therapy for glioblastoma: Refining the approach based
on emerging evidence and current challenges. Neuro Oncol. 21, 167-178. https://doi.org/10.1093/neuonc/noy132 (2019).

15. Alnahhas, I. et al. Characterizing benefit from temozolomide in MGMT promoter unmethylated and methylated glioblastoma: A
systematic review and meta-analysis. Neuro Oncol. Adv. 2, vdaa 082. https://doi.org/10.1093/noajnl/vdaa082 (2020).

16. Li, H,, Li, ], Cheng, G., Zhang, J. & Li, X. IDH mutation and MGMT promoter methylation are associated with the pseudoprogres-
sion and improved prognosis of glioblastoma multiforme patients who have undergone concurrent and adjuvant temozolomide-
based chemoradiotherapy. Clin. Neurol. Neurosurg. 151, 31-36. https://doi.org/10.1016/j.clineuro.2016.10.004 (2016).

17. Binabaj, M. M. et al. The prognostic value of MGMT promoter methylation in glioblastoma: A meta-analysis of clinical trials. J.
Cell. Physiol. 233, 378-386. https://doi.org/10.1002/jcp.25896 (2018).

18. Hegi, M. E. & Stupp, R. Withholding temozolomide in glioblastoma patients with unmethylated MGMT promoter-still a dilemma?.
Neuro Oncol. 17, 1425-1427. https://doi.org/10.1093/neuonc/nov198 (2015).

19. Wick, W. et al. Temozolomide chemotherapy alone versus radiotherapy alone for malignant astrocytoma in the elderly: The NOA-
08 randomised, phase 3 trial. Lancet Oncol. 13, 707-715. https://doi.org/10.1016/S1470-2045(12)70164-X (2012).

20. Malmstrom, A. et al. Temozolomide versus standard 6-week radiotherapy versus hypofractionated radiotherapy in patients older
than 60 years with glioblastoma: The Nordic randomised, phase 3 trial. Lancet Oncol. 13, 916-926. https://doi.org/10.1016/S1470-
2045(12)70265-6 (2012).

21. Flaherty, K. T. et al. Molecular landscape and actionable alterations in a genomically guided cancer clinical trial: National cancer
institute molecular analysis for therapy choice (NCI-MATCH). J. Clin. Oncol. 38, 3883-3894. https://doi.org/10.1200/JCO.19.
03010 (2020).

Scientific Reports |

(2024) 14:19474 | https://doi.org/10.1038/s41598-024-68801-0 nature portfolio


https://doi.org/10.1093/neuonc/noac202
https://doi.org/10.1007/s11060-020-03451-6
https://doi.org/10.6004/jnccn.2023.0002
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.3322/caac.21763
https://doi.org/10.3322/caac.21763
https://doi.org/10.3171/2012.9.JNS1277
https://doi.org/10.3171/2012.9.JNS1277
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMoa043331
https://doi.org/10.1056/NEJMoa043331
https://doi.org/10.1007/s11910-013-0345-4
https://doi.org/10.1007/s11910-013-0345-4
https://doi.org/10.1111/j.1349-7006.2011.02134.x
https://doi.org/10.1056/NEJMoa0808710
https://doi.org/10.3390/cancers14133161
https://doi.org/10.3390/cancers14133161
https://doi.org/10.1093/neuonc/noy132
https://doi.org/10.1093/noajnl/vdaa082
https://doi.org/10.1016/j.clineuro.2016.10.004
https://doi.org/10.1002/jcp.25896
https://doi.org/10.1093/neuonc/nov198
https://doi.org/10.1016/S1470-2045(12)70164-X
https://doi.org/10.1016/S1470-2045(12)70265-6
https://doi.org/10.1016/S1470-2045(12)70265-6
https://doi.org/10.1200/JCO.19.03010
https://doi.org/10.1200/JCO.19.03010

www.nature.com/scientificreports/

22. Flaherty, K. T. et al. The molecular analysis for therapy choice (NCI-MATCH) trial: Lessons for genomic trial design. J. Natl. Cancer
Inst. 112, 1021-1029. https://doi.org/10.1093/jnci/djz245 (2020).

23. Park, A. K, Kim, P, Ballester, L. Y., Esquenazi, Y. & Zhao, Z. Subtype-specific signaling pathways and genomic aberrations associ-
ated with prognosis of glioblastoma. Neuro Oncol. 21, 59-70. https://doi.org/10.1093/neuonc/noy120 (2019).

24. Coffey, D. G. et al. High-throughput drug screening and multi-omic analysis to guide individualized treatment for multiple
myeloma. JCO Precis. Oncol. https://doi.org/10.1200/P0O.20.00442 (2021).

25. Letai, A. Functional precision medicine: putting drugs on patient cancer cells and seeing what happens. Cancer Discov. 12, 290-292.
https://doi.org/10.1158/2159-8290.CD-21-1498 (2022).

26. Kornauth, C. et al. Functional precision medicine provides clinical benefit in advanced aggressive hematologic cancers and identi-
fies exceptional responders. Cancer Discov. 12, 372-387. https://doi.org/10.1158/2159-8290.CD-21-0538 (2022).

27. Shuford, S. et al. Prospective prediction of clinical drug response in high-grade gliomas using an ex vivo 3D cell culture assay.
Neuro Oncol. Adv. 3, vdab065. https://doi.org/10.1093/noajnl/vdab065 (2021).

28. Shuford, S. et al. prospective validation of an ex vivo, patient-derived 3D spheroid model for response predictions in newly diag-
nosed ovarian cancer. Sci. Rep. 9, 11153 https://doi.org/10.1038/s41598-019-47578-7 (2019).

29. Ranjan, T. et al. Cancer stem cell assay-guided chemotherapy improves survival of patients with recurrent glioblastoma in a ran-
domized trial. Cell Rep. Med. https://doi.org/10.1016/j.xcrm.2023.101025 (2023).

30. Carrano, A, Juarez, J. J., Incontri, D., Ibarra, A. & Guerrero Cazares, H. Sex-specific differences in glioblastoma. Cells https://doi.
0rg/10.3390/cells10071783 (2021).

31. Sun, T, Plutynski, A., Ward, S. & Rubin, J. B. An integrative view on sex differences in brain tumors. Cell. Mol. Life Sci. 72,
3323-3342. https://doi.org/10.1007/s00018-015-1930-2 (2015).

32. Calvert, A. E. et al. Cancer-associated IDH1 promotes growth and resistance to targeted therapies in the absence of mutation. Cell
Rep. 19, 1858-1873. https://doi.org/10.1016/j.celrep.2017.05.014 (2017).

33. Davis, E. G,, Freels, S., Grutsch, J., Barlas, S. & Brem, S. Survival rates in patients with primary malignant brain tumors stratified by
patient age and tumor histological type: An analysis based on surveillance, epidemiology, and end results (SEER) data, 1973-1991.
J. Neurosurg. 88, 1-10. https://doi.org/10.3171/jns.1998.88.1.0001 (1998).

34. Hegi, M. E. et al. Clinical trial substantiates the predictive value of O-6-methylguanine-DNA methyltransferase promoter methyla-
tion in glioblastoma patients treated with temozolomide. Clin. Cancer Res. 10, 1871-1874 (2004).

35. Ida, C. M. et al. Real-time methylation-specific polymerase chain reaction for mgmt promoter methylation clinical testing in
glioblastoma: An alternative detection method for a heterogeneous process. Am. J. Clin. Pathol. 148, 296-307. https://doi.org/10.
1093/ajcp/aqx073 (2017).

36. Lattanzio, L. et al. MGMT promoter methylation and glioblastoma: A comparison of analytical methods and of tumor specimens.
Int. ]. Biol. Mark. 30, e208-216. https://doi.org/10.5301/jbm.5000126 (2015).

37. Filipits, M. et al. Evaluation of an assay for MGMT gene promoter methylation in glioblastoma samples. Anticancer Res. 40,
6229-6236. https://doi.org/10.21873/anticanres.14643 (2020).

38. Ranjan, T. et al. Treatment of unmethylated MGMT-promoter recurrent glioblastoma with cancer stem cell assay-guided chemo-
therapy and the impact on patients healthcare costs. Neurooncol. Adv. 5, vdad055. https://doi.org/10.1093/noajnl/vdad055 (2023).

39. Ranjan, T. et al. Cancer stem cell chemotherapeutics assay for prospective treatment of recurrent glioblastoma and progressive
anaplastic glioma: A single-institution case series. Transl. Oncol. 13, 100755. https://doi.org/10.1016/j.tranon.2020.100755 (2020).

40. Rajan, R. G. et al. In vitro and in vivo drug-response profiling using patient-derived high-grade Glioma. Cancers (Basel) https://
doi.org/10.3390/cancers15133289 (2023).

41. Ntafoulis, I. et al. Ex vivo drug sensitivity screening predicts response to temozolomide in glioblastoma patients and identifies
candidate biomarkers. Br. J. Cancer 129, 1327-1338. https://doi.org/10.1038/s41416-023-02402-y (2023).

42. Stepanenko, A. A. & Chekhonin, V. P. On the critical issues in temozolomide research in glioblastoma: Clinically relevant concen-
trations and MGMT-independent resistance. Biomedicines https://doi.org/10.3390/biomedicines7040092 (2019).

43. Stepanenko, A. A. & Chekhonin, V. P. Recent advances in oncolytic virotherapy and immunotherapy for glioblastoma: A glimmer
of hope in the search for an effective therapy?. Cancers (Basel) https://doi.org/10.3390/cancers10120492 (2018).

44. Louis, D. N. et al. The 2021 WHO classification of tumors of the central nervous system: A summary. Neuro Oncol. 23, 1231-1251.
https://doi.org/10.1093/neuonc/noab106 (2021).

Acknowledgements

The authors would like to thank the patients for their participation in 3D-PREDICT REGISTRY and the assis-
tance of the nurses and staff of the respective institutions for assistance with patient enrollment, sample procure-
ment, and the collection of clinical follow-up data.

Author contributions

A L.: drafted the manuscript and performed statistical analysis. A.R.,L.L., A.A,RE,J.E, CK,NR.,, AM,B.Z,
N.B., J.L, S.JH., M.Z., A.L.C., and A.E.: contributed materials, provided clinical expertise, reviewed data, and
reviewed the manuscript. K.M.: performed experiments and analyzed data. M.R.: performed experiments, ana-
lyzed data, and planned and supervised the study. J.T., K.T.: collected and organized the data. P.A.: collected and
organized data and performed statistical analysis. L.H.: collected and organized data and planned and supervised
the study. M.G.: edited the manuscript. TM.D: performed statistical analysis, planned and supervised the study,
and drafted the manuscript.

Competing interests

AL,KM., MR, ].T, KT, PA, LH, M.G., and TM.D. are all current or former employees of Kiyatec, Inc.
Both J.E. and N.B. received advisory board fees from Kiyatec, Inc. No other disclosures were reported for the
other authors.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-68801-0.

Correspondence and requests for materials should be addressed to T.M.D.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2024) 14:19474 | https://doi.org/10.1038/s41598-024-68801-0 nature portfolio


https://doi.org/10.1093/jnci/djz245
https://doi.org/10.1093/neuonc/noy120
https://doi.org/10.1200/PO.20.00442
https://doi.org/10.1158/2159-8290.CD-21-1498
https://doi.org/10.1158/2159-8290.CD-21-0538
https://doi.org/10.1093/noajnl/vdab065
https://doi.org/10.1038/s41598-019-47578-7
https://doi.org/10.1016/j.xcrm.2023.101025
https://doi.org/10.3390/cells10071783
https://doi.org/10.3390/cells10071783
https://doi.org/10.1007/s00018-015-1930-2
https://doi.org/10.1016/j.celrep.2017.05.014
https://doi.org/10.3171/jns.1998.88.1.0001
https://doi.org/10.1093/ajcp/aqx073
https://doi.org/10.1093/ajcp/aqx073
https://doi.org/10.5301/jbm.5000126
https://doi.org/10.21873/anticanres.14643
https://doi.org/10.1093/noajnl/vdad055
https://doi.org/10.1016/j.tranon.2020.100755
https://doi.org/10.3390/cancers15133289
https://doi.org/10.3390/cancers15133289
https://doi.org/10.1038/s41416-023-02402-y
https://doi.org/10.3390/biomedicines7040092
https://doi.org/10.3390/cancers10120492
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1038/s41598-024-68801-0
https://doi.org/10.1038/s41598-024-68801-0
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-

[ NoDerivatives 4.0 International License, which permits any non-commercial use, sharing,
distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the
licensed material. You do not have permission under this licence to share adapted material derived from this
article or parts of it. The images or other third party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:19474 | https://doi.org/10.1038/s41598-024-68801-0 nature portfolio


http://creativecommons.org/licenses/by-nc-nd/4.0/

	Functional prediction of response to therapy prior to therapeutic intervention is associated with improved survival in patients with high-grade glioma
	Results
	Patient enrollment and characteristics
	Prospective correlation of clinical outcome and 3D Predict Glioma for temozolomide
	3D Predict Glioma predicts response to temozolomide regardless of MGMT methylation status

	Discussion
	Methods
	Study design
	Clinical study participants
	Data collection and clinical outcomes
	3D Predict Glioma test performance
	MGMT promoter methylation testing
	Statistical analysis

	References
	Acknowledgements


