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Clinical Outcome in Pediatric Glial and Embryonal Brain Tumors Correlates With In
Vitro Multi-Passageable Neurosphere Formation
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Background. Cultured brain tumors can form neurospheres
harboring tumorigenic cells with self renewal and differentiation
capacities. Renewable neurosphere formation has clinical predictive
value in adult malignant gliomas, yet its prognostic role for pediatric
brain tumors is unknown. Methods. Established neurosphere con-
ditions were used for culturing samples from glial, embryonal and
mixed glioneuronal tumors from 56 pediatric patients. Potential asso-
ciations between neurosphere formation and clinical outcome were
analyzed retrospectively. Results. Thirty-seven percent of all sam-
ples formed renewable neurospheres. Analysis of available clinical
outcome data from 51 patients demonstrated significantly increased
hazard ratios (HR) for both disease progression (HR=9.9, P <0.001)
and death (HR=16.6, P <0.01) in the neurosphere forming group.
Furthermore, neurosphere formation correlated with adverse pro-
gression free survival (PFS) in glial and embryonal tumors, but
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not in mixed glioneuronal tumors. Overall survival (OS) was sig-
nificantly worse for neurosphere-forming patients with embryonal
tumors, as a group and amongst the subgroup with medulloblas-
toma, but not in the glial group. Multivariate analysis showed that
neurosphere formation was associated with diminished PFS and OS
independent of age, gender, or treatment. Neurosphere formation
was an independent predictor of diminished PFS of glial tumors after
adjusting for grade. Multivariate analysis, adjusting for both Ki67
staining and neurosphere formation, demonstrated that neurosphere
formation remained predictive of progression whereas Ki67 did not.
Conclusions. Neurosphere formation is more predictive of pediatric
brain tumor progression than semi-quantitative Ki67 staining. Pedi-
atric brain tumor derived neurospheres may provide a predictive
model for preclinical explorations. Pediatr Blood Cancer. © 2010
Wiley-Liss, Inc.

INTRODUCTION

Pediatric brain tumors are a heterogeneous group of neoplasms
with distinct clinical and pathological characteristics that compose
20-25% of pediatric cancer [1]. Clinical trials have resulted in con-
siderable improvement in clinical outcome over the last few decades
[1,2], however long-term cognitive and physical consequences of
these therapies can be devastating and recurrent disease carries
a dismal prognosis [3]. As pediatric tumors demonstrate proper-
ties distinct from adult tumors, further understanding of molecular
pathogenesis and resistance to current therapies necessitate age
directed research and the development of reliable preclinical models.

Patient-derived brain tumor cells can form spheres that can be
repeatedly passaged (termed neurospheres [NS]) when placed in
serum free media that are supplemented with epidermal and fibrob-
last growth factors [4]. The cells that give rise to neurospheres
possess at least some of the characteristics of stemness: self renewal
and multipotency, express neural stem cell-associated genes and,
when xenotransplanted, confer in vivo tumorigenicity with recapit-
ulation of the characteristics of parental tumors [5-7]. Because of
these characteristics the terms “cancer stem cell” and “brain tumor
stem cell” have been used for these cells. The cancer stem cell theory
dictates that the stem cell-like cells, comprising a minority of the
total cell population within the tumor are responsible for disease
progression and resistance to therapy. Therefore, it would reason
that the study of these cells would be highly relevant for the devel-
opment of desperately needed novel therapies. However, the true
clinical relevance of stem cell-like cells in brain tumors has not
been fully elucidated.

In a previous study, we determined whether the ability to form
multipassageable neurospheres is a reflection of the clinical aggres-
siveness of adult gliomas [6]. We found that those patients from
whom we could derived neurospheres and maintain them in cul-
ture for at least three passages had worse outcomes, as measured
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by time until progression or death, than those from whom neuro-
spheres could not be derived or maintained in culture. These findings
held true even in the subgroup with glioblastoma and, thus, were
not entirely dependent on grade. Nor were they dependent on other
pathological measures, such as Ki67 staining [6]. Therefore, we con-
cluded that, in adult glioma, the ability to form and maintain gliomas
in culture reflected the biological nature of the tumor, indicating that
the in vitro study of neurospheres and neurosphere-forming cells
was a clinically relevant endeavor.

Because of the distinct nature and heterogeneity of pediatric
brain tumors, we have now investigated the relationship between
neurosphere formation and disease progression in pediatric brain
tumor patients. As with adult gliomas, we have found that there
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TABLE 1. Patient Characteristics and Neurosphere Formation

Characteristics Total Neurosphere forming patients Neurosphere non-forming patients
Age (4 months to 20 years) 7.4+5.3¢% 5.7+4.4* 8.5+5.5%
Age groups
Less than 3 years old 13 8 5
3-10 years old 25 10 15
More than 10 years old 18 3 15
Gender
Male 35 15 20
Female 21 6 15
Tumor type
Embryonal tumors 14 8 6
Medulloblastoma 9 5 4
PNET® 3 2 1
Pineal® 2 1 1
Glial tumors 33 9 24
High grade (HG) 12 6 6
Glioblastoma (GBM) 4 2 2
Anaplastic astrocytoma 2 0 2
HG oligodendroglial 2 1 1
Anaplastic Ependymomas 4 3 1
Low grade 18 3 15
Pilocytic astrocytoma 15 3 12
Other low grade gliomas? 3 0 3
Mixed glioneuronal tumors 12 4 8
Ganglioglioma 7 3 4
Gangliocytoma 1 0 1
DNET 4 1 3
Location
Supratentorial 35 12 27
Hemispheric 30 10 20
Right 16 4 12
Left 12 5 7
Bilateral 2 1 1
Midline 5 2 3
Pineal region 3 2 1
Suprasellar 2 0 2
Infratentorial 21 9 13
Cerebellar 9 3 6
Brainstem 3 1 2
Other posterior fossa 9 5 4
Total 56 21 35

PNET, primitive neuroectodermal tumor; DNET, dysembryoplastic neuroepithelial tumor. * P = 0.045 (student r-test). “Mean + SD in years. *One
out of two supratentorial PNETs was associated with trilateral retinoblastoma. A pineoblastoma and a pineocytoma. %Includes a pleomorphic

xanthroastrocytoma and a subependymal giant cell astrocytoma.

is a general relationship between the ability to form multipassage
neurospheres and patient outcome, in embyronal, including medul-
loblastoma, and glial tumors, but low grade, mixed glioneuronal
tumors, mostly WHO grade I or II gangliogliomas, did not show
a relationship. These data support for the hypothesis that the study
of neurospheres derived from pediatric brain tumors is clinically
relevant.

MATERIALS AND METHODS
Clinical Data and Tumor Collection

Informed consents were obtained from all patients and/or par-
ents in accordance with UCLA Institutional Review Board. Resected
brain tumor tissue and clinical follow-up data were collected from
patients under 21 years of age treated for brain tumors between 2001
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and 2009 at UCLA. Tissue diagnosis and grade were established by
the neuropathologist in accordance with World Health Organiza-
tion established guidelines [8]. This cohort included 42 primary
and 14 recurrent tumors (for patient characteristics, see Table I).
The percentage of tumor cells labeled by Ki67 immunostaining was
estimated by two neuropathologists and the average value of the
maximally stained areas was used for analysis in 48 cases.

Patient Cohort and Inclusion Criteria

Fifty-six patients with CNS tumors of glial and neural origin
intrinsic to brain were included in this study. Cultures maintained
for at least three passages were considered to be capable of renew-
able neurosphere formation. Twenty-one of the 56 cultures met this
requirement. Clinical outcome data were available for 51 of 56



patients. Post-surgical care and follow-up of remaining five patients
was carried out outside of UCLA, thus they were considered as loss
to follow-up and excluded from survival analysis.

Cell Culture

Tumors were cultured as described previously [6] in DMEM-F12
medium (Invitrogen, Carlsabad, CA) supplemented with 1-100 B27
(Invitrogen), 20 ng/ml basic fibroblast growth factor (bFGF) (Pepro-
tech, Rocky Hill, NJ), 50 ng/ml epidermal growth factor (EGF),
penicillin/streptomycin (Invitrogen), L-glutamine (Invitrogen), and
5 pg/ml heparin (Sigma—Aldrich, St. Louis, MO). Heparin, bFGF,
and EGF were added twice a week. Every 7-21 days, spheres were
passaged into fresh media following either enzymatic dissociation
with TrypLE and manual dissociation with small bore pipetting or
chopping using an automatic chopper (Geneq).

Our group has previously reported this well established method
of neurosphere culturing [5]. Fifty to seventy percent of the spheres
in these cultures were about 150 pm (range 70-240 wm) when pas-
saged to preserve viability of inner cells that may be in theoretical
disadvantage of getting less nutrients and growth factors. In the
early passages (<3) there were more irregularly shaped cellular
aggregates, disorganized clusters and debris; however samples sur-
viving all the way through the third passage consisted vastly of
globularly shaped multi-cellular structures termed neurospheres,
with rather morphologically uniform appearance (resembling those
of their normal counterparts). Enzymatic dissociation followed
by micro-pipette assisted dissociation was applied until passage
three, and manual chopping was utilized only for consecutive
passages, to standardize and eliminate potential artifact on selec-
tion of neurospherogenic cells. The unstructured cellular clamps,
mostly two dimensional monolayers, and necrotic debris diminished
significantly once passaged third time, leaving cultures with rela-
tively monomorphic spherical structures and well organized three
dimensional cellular compositions under light microscope, grow-
ing non-adherently. However, one of the medulloblastoma samples
(desmoplastic) resulted in concomitant adherent growth.

This biologically vindicated threshold of three passages was
shown to have statistically significant impact when applied to clin-
ical outcome analyses of adult gliomas [6]. Based on our data, we
strongly believe that this method allows enrichment of clinically
relevant cells. However, about third of lines spontaneously expired
by the fourth to fifth passages, and for the rest it was possible to
propagate them longer, in general >7-10 passages. There was no
aimed endpoint to access the maximum number of passages due
to retrospective nature of this study, and most of the samples were
terminated prior to passage 20, based on observations that in vivo
tumorigenicity is best preserved for samples between passages 3
and 20, and because of concerns of in vitro artifact secondary to
long-term passaging.

Statistical Analyses

As previously described [6], time to survival (TTS) was deter-
mined by the duration of life from the date of surgery using the
death summaries or the social security death index, or, if alive,
until the last follow-up date. Time to progression (TTP) was deter-
mined by the duration of progression-free survival from the date of
surgery until recurrence, or, if progression-free, until the last follow-
up date. Renewable neurosphere formation status and was defined
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as a binary variable as described later. TTS and TTP were related to
the explanatory variables using a Cox proportional hazards model
as implemented in Stata 8.0 (Stata Corp, College Station, Texas).
This analysis was performed in the full cohort of 51 patients and
within the subpopulations of glial, embryonal, or mixed glioneu-
ronal tumors. Multivariate Cox regression models were performed
to control for grade, age, Ki67 measurement values and treatment
groups. The average of observed percentage of highest Ki67 stain-
ing areas was treated as a continuous variable. Treatment groups
were used as categorical variables in multivariate analysis. All P
values were two-sided and P < 0.05 was considered significant. To
visualize the survival distribution, we used Kaplan—-Meier method.

RESULTS

Patient characteristics are presented in Table I. Twenty-one of
the 56 tumor samples formed renewable cultures under neuro-
sphere conditions. One of five tumor samples from patients loss to
follow-up formed renewable neurospheres in culture. Numbers of
neurosphere forming versus non-forming tumors were calculated in
each subgroup based on characteristics of patient age, patient gender,
tumor type, and location (Table I). The average age of patients with
neurosphere forming tumors was significantly younger compared to
patients with tumors which neurosphere could not be propagated.
When we examined neurosphere formation as a function of age,
there was a significant correlation (Supplemental Fig. 1). Further
analyses showed that three age groups (<3, 3-10, and >10-20 years
old) had decreasingly lower proportion of high-grade lesions (77%,
48%, and 22%, respectively), associated with lower median Ki67
(35, 8, and 2.5, respectively) and less neurosphere formation (Table
I). Mean Ki67 values were statistically different among three age
groups (P =0.0367, ANOVA).

Thirty-four percent of supratentorial lesions and 43% of infraten-
torial lesions formed renewable neurospheres (Fig. 1). In mixed

Neurosphere forming

|Neurosphere non-forming|
Glial tumors

Low grade
i | High grade

Mixed

Supratentorial

Infratentorial

Fig. 1. Neurosphere formation by tumor location and tumor type in 56
pediatric brain tumor patients. Dark bars represent neurosphere form-
ing tumors, and light bars stand for neurosphere non-forming tumors.
Infratentorial and supratentorial locations are separated by horizontal
line. Absolute numbers of tumors are illustrated in each group (neuro-
sphere forming, in white; and neurosphere non-forming, in black). Right
column designated as “Mixed” represents glioneuronal lesions.
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TABLE II. Treatment Groups and Neurosphere Formation

Neurosphere
Treatment Number of forming
modality patients patients (%)
Surgery only 320 10 (31)
GTR 22 3(14)
STR 10 7(70)
Surgery and chemotherapy?® 5¢ 1 (20)
Surgery, chemo-, and radiotherapy?® 114 5(45)
Surgery, chemo-, and ASCR* 8¢ 5(63)

20ne patient per each group received brain tumor vaccine. PFive
patients with loss of follow-up after surgery, eight had repeat resections.
°One patient received antineoplastons in outside hospital. One patient
received postoperative radiation only. °One patient in ASCR group
also received radiotherapy; ASCR, autologous stem cell rescue (after
high dose chemotherapy); GTR, gross total resection; STR, sub-total
resection.

glioneuronal tumor group, 33% of samples formed renewable neu-
rospheres. Only 17% of low grade glial tumors formed renewable
neurospheres, whereas 50% of high grade glial tumors and 57%
of embryonal tumors formed renewable neurospheres (Fig. 1).
When high grade glial tumors were compared to low grade glial
tumors, Pearson x? test resulted in 3.8 times higher probability
of neurosphere formation (P = 0.051). Comparison of neurosphere
formation between embryonal tumors and low grade glial tumors
resulted in Pearson x*>=5.7 (P=0.017), indicating that embry-
onal tumors are significantly more capable of generating renewable
neurospheres.

To evaluate the relationship between in situ proliferation rates
and neurosphere formation we examined neurosphere formation as
afunction of Ki67 staining in 48 patients with available Ki67 values.
‘We found a significantly increased likelihood of neurosphere forma-
tion with higher Ki67 both in the whole cohort and glial sub-group
(Supplemental Fig. 2A and B). Supplemental Figure 2C,D demon-
strate these relationships of neurosphere formation as a function
of Ki67, adjusted for age in the whole cohort and glial sub-group,
accordingly.

Furthermore, we retrospectively sub-grouped patients accord-
ing to combination of treatment modalities and analyzed renewable
neurosphere formation in different treatment groups (Table II and
Supplemental Table I). In patients, who received surgery only
(n=32), 70% of lesions amenable to subtotal resection (STR)
formed neurospheres, whereas only 14% of those with gross total
resection (GTR) did so, indicating a possible invert relationship
between the neurosphere forming capacity and tumor resectabil-
ity. Neurosphere formation may recapitulate infiltrative nature and

TABLE III. Cox Proportional Hazards Regressions

invasive growth of the lesions that were not totally resectable. For
the whole cohort: only 6 of 30 (20%) GTR resulted in neurosphere
forming samples, whereas 15 of 26 (57.7%) STR did so.

Survival Analysis

In the cohort of 51 patients whose clinical follow up data were
available, the mean follow up duration was 2 + 1.8 years, the mean
patient survival time was 762 days and the mean progression-free
survival time was 739 days. Eight out of 51 patients died before the
last date of analysis. The probability of 3-year PFS was 71 £7%
(mean =+ SE) and 3-year OS was 81 &+ 6% in full population.

Cox proportional hazards regression was performed to evaluate
potential differences in clinical outcome of patients with neu-
rosphere forming tumors versus those not forming neurospheres
(Table III). We evaluated these associations in the whole cohort
of 51 patients with available clinical outcome data, and also
in different subpopulations based on neuropathology subgroups,
namely: in glial tumors (n=27), embryonal tumors (n=12),
medulloblastomas amongst the embryonal subgroup (n=7), and
mixed glioneuronal tumors (n=12). The hazard ratios of patient
death and tumor progression for the full population and the three
subgroups are shown in Table III. Analysis of the mixed glioneu-
ronal tumors subpopulation (n=12) did not reveal significant
associations. Renewable neurosphere formation was significantly
associated with a 6.6 to >10 hazard of progression (P < 0.01) in the
remaining tumors (Table III). These associations were also signifi-
cant for hazard of death (>10) in the full population (P < 0.01), and
in the subpopulations of embryonal and medulloblastoma tumors
(P <0.001). For glial tumors, we observed no statistically signif-
icant association between neurosphere formation and hazard of
patient death.

Kaplan—Meier curves displaying the proportion of progres-
sion free survival (PFS) as a function of days from surgery are
demonstrated in Figure 2A-D. In the full cohort of 51 patients,
the group with neurosphere formation had 33 £ 13% 3-year PFS,
whereas the group without neurosphere formation had 86 £ 7.8%
3-year PFS (P < 0.001). In the subpopulation of glial tumors, the
group with neurosphere formation had only 20 & 17% 3-year PES,
whereas the group without neurosphere formation had 76 + 13.3%
3-year PFS (P <0.006). In the embryonal group (n=12) and
medulloblastoma subgroup (n=7) 1-year PFS for patients with
neurosphere formation was drastically decreased to 18 &= 16% and
25 +22%, respectively, whereas patients without renewable neu-
rosphere formation sustained 100% PES for more than 5 years
(P <0.001).

Figure 3A-D demonstrate Kaplan—-Meier curves for overall sur-
vival (OS) as a function of days from surgery comparing groups

Patient population Variable

Hazard of patient death

Hazard of patient tumor progression

Full population® (n=51)
Glial tumors® (n=27)
Embryonal® (n=12)
Medulloblastoma? (n=7)

Neurosphere formation
Neurosphere formation
Neurosphere formation
Neurosphere formation

16.6, CI (1.93-142); P-value <0.010
5.06 (NS), CI (0.48-53.4); P-value <0.177
>10, CI (>10 to >10) P-value <0.001
>10, CI (>10 to >10); P-value <0.001

9.94, CI (2.91-34.0); P-value <0.001
6.62, CI (1.70-25.8); P-value 0.006
>10, CI (>10 to >10); P-value <0.001
>10, CI (>10 to >10); P-value <0.001

CI, 95% confidence interval; NS, not significant. *Mean age 8.4 years, 20/51 tumors with neurosphere formation. "Mean age 8.47 years, 9/27
tumors with neurosphere formation. “Mean age 5.56 years, 7/12 tumors with neurosphere formation. YMean age 4.71 years, 4/7 tumors with

neurosphere formation.
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Fig. 2.

Kaplan—-Meier curves display the proportion of patients surviving without tumor progression as a function of time since surgery. Dotted

lines donate groups with renewable neurosphere formation, and solid lines stand for patients whose tumors did not form renewable neurospheres.
P values per Cox Regression analyses. A: The full cohort of pediatric CNS tumors (n=51). B: The subpopulation of pediatric glioma (n=27).
C: The subpopulation of pediatric embryonal tumors (n = 12). D: The subpopulation of pediatric medulloblastoma (n= 7).

with and without renewable neurosphere formation. After 3 years,
in the full cohort of 51 tumors, the group with neurosphere for-
mation had 50 £ 15% OS, whereas the group without neurosphere
formation had 97 £3.4% OS (P=0.01). For embryonal tumors,
the probability of 3-year OS was 0% and 100% for groups with and
without renewable neurosphere formation, respectively (P < 0.001).
Accordingly, for 7 medulloblastoma cases, after 1-year follow up,
the probability of OS was 25+22% and 100% for neurosphere
forming and non-forming groups, respectively (P < 0.001). For
glial tumors, we observed no significant difference in OS (Fig. 3B,
P=0.177).

Multivariate Cox proportional hazards logistic regression anal-
ysis showed that neurosphere formation remained a significant
predictor of patient survival and tumor progression after adjusting
for age (HR =14, P <0.03, and HR =9, P =0.002 respectively for
OS and PFS), gender (HR =16, P < 0.014,and HR = 10, P < 0.001)
and treatment (HR = 15, P =0.025,and HR =9.1, P < 0.001) in the
full population. Neurosphere formation status retained independent
predictive value for PFS even when adjusted for grade and treatment
in glial tumors (HR =6.1, P=0.018 and HR = 6.6, P =0.022) or
Ki67 in full population (HR =4.2, P=0.049), whereas Ki67 did
not. Ninety-five percent confidence intervals of these hazard ratios
are shown in Table IV. In summary, multivariate analysis showed
that in this cohort of pediatric patients with CNS tumors neurosphere
formation remained predictive of survival and progression, largely
independent of Ki67 and treatment.

Pediatr Blood Cancer DOI 10.1002/pbc

We also analyzed neurosphere formation amongst 14 recurrent
patients at the time of study entry, who received chemotherapy
and/or radiotherapy prior to neurosphere cultures. Patients with
neurosphere forming recurrent high grade lesions experienced sub-
sequent recurrence in 80% of cases (Supplemental Table III). All
three patients who died in this group had chemo- and/or radio-
therapy prior to neurosphere culturing. This further supports the
theory that neurospheres may arise from subpopulation of highly
malignant and tumorigenic cells resistant to current cytotoxic treat-
ment.

DISCUSSION

Our results demonstrate significant correlations between renew-
able neurosphere formation and clinical outcome in certain pediatric
CNS tumors. First, both PFS and OS were strongly associated
with neurosphere growth in the whole cohort of 51 patients. Fur-
ther analysis of the subpopulations suggests that this correlation is
strongest for embryonal tumors including the subgroup of medul-
loblastoma patients, where the hazards of both disease progression
and patient death were >10 with P values of <0.001 in patients
with neurosphere formation, despite the small sample sizes. In
contrast, there was no correlation between neurosphere formation
and clinical outcome in mixed glioneuronal tumors, all of which
were low grade, located in hemispheres and primarily amenable
to gross total resection (only 1 of 12 was partially resected). All
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Fig. 3.

Kaplan—-Meier curves display the proportion of patients surviving as a function of time since surgery. Dotted lines donate groups with

renewable neurosphere formation, and solid lines stand for patients whose tumors did not form renewable neurospheres. P values per Cox Regression
analyses. A: The full cohort of pediatric CNS tumors (n = 51). B: The subpopulation of pediatric glioma (n =27). C: The subpopulation of pediatric
embryonal tumors (n = 12). D: The subpopulation of pediatric medulloblastoma (n = 7).

these patients with mixed glioneuronal tumors were progression free
and alive post-operatively. These findings concur with previously
reported outcome data for pediatric gangliogliomas, in which cere-
bral hemisphere location and the achievement of total resection were
associated with prolonged PFS [9]. These diverse findings proba-
bly reflect clinical-biological difference for various pediatric CNS
tumors, showing that neurosphere formation significantly reflects
the prognosis of high grade embryonal tumors, but not for totally
respectable low grade mixed glioneuronal lesions.

In the heterogeneous glial subgroup, renewable neurosphere for-
mation defined a subpopulation with a highly significant increased
hazard of tumor progression. Four patients with NS forming and
progressive glial tumors were salvaged by further therapies and
were alive at the time of these analysis, resulting in no correlation
between NS formation and overall survival. Thus, in this glial sub-
group, grade remained independent of neurosphere formation for
prediction of overall survival in multivariate analysis (Table IV).
Of note, a report from the review of 6,212 cases of children with
gliomas [10] also demonstrated that grade was the most significant
independent prognostic factor for survival for children above 1 year
of age.

However, when evaluating tumor progression, but not survival,
in the glioma tumor subpopulation, neurosphere formation retained
its significant predictive value, even when adjusted for grade of glial
tumors. This property of neurosphere formation capacity to predict
clinically relevant disease severity, independent of glioma grade,
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indicates that the neurosphere model harbors distinct prognostic
value. In other words, while NS formation can be more predictive
of pediatric glioma progression independent of grade, grade is more
predictive of overall survival.

Our analyses demonstrated that both age and Ki67 were associ-
ated with neurosphere formation; however, age is not independent
of Ki67 and these associations are reflective of the fact that younger
patients had more high-grade lesions in our database. Although Ki67
immunoanalysis may serve as a valuable supplementary function in
the diagnostic and prognostic evaluation of childhood malignant
gliomas [11], astrocytomas [12] and ependymomas [13], for our 43
patients with Ki67 staining and outcome data, neurosphere forma-
tion remained a significant predictor of tumor progression, even after
adjusting for Ki67. These relationships indicate that neurosphere
formation may capture tumor aggressiveness more comprehensively
than other, previously established methods such as Ki67 staining.

Other controlled variables, such as age and gender, were also
included in our multivariate proportional hazard regression, because
more tumors from males (43%) than females (29%) formed neuro-
spheres, and younger age was associated with higher likelihood of
neurosphere formation (Tables I and IV and Supplemental Fig. 1).
In addition, historically age had different prognostic value for glial
tumors depending on tumor grade [10,14,15]. Nevertheless, neuro-
sphere formation retained its independent predictive value for both
adverse PFS and OS when adjusting for both age and gender in full
population (Table IV).
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Hazard of patient tumor progression
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0.286, no independence
6.10, CI (1.37-27.2); P-value 0.018, sphere is

0.361, grade is independent
1.48 (not significant), CI (0.153-14.2); P-value

Grade

Neurosphere formation

27)

Glial tumors (n

independent of grade
5.14 (not significant), CI (0.427-61.9); P-value

0.737, grade is independent of sphere
0.177 (not significant), CI (0.000-552); P-value

Ki67

Neurosphere formation

Glioma (n=22)

0.197, no independence
6.58, CI (1.27-34.2); P-value 0.022, sphere is

0.673, no independence
4.16 (not significant), CI (0.152-113); P-value

Treatment (TX)

Neurosphere formation

27)

Glial tumors (n

independent of TX

0.398, no independence

CI, 95% confidence interval. *Ki67 and outcome information is available for 43 patients.
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Although more patients in neurosphere forming group received
most aggressive treatment combinations, their outcome still
remained inferior to neurosphere non-forming patients (Supple-
mental Table II). Thus, treatment groups were also used as another
controllable variable in multivariate analysis, which demonstrated
that for the whole cohort, neurosphere formation was indepen-
dent of the combination of treatment modalities in predicting both
patient death and tumor progression (Table IV). This illustrates the
limited role of radiotherapy and conventional alkylator-based cyto-
toxic chemotherapy intensification in severe disease, highlighting
the necessity of new strategies to target cellular pathways in pediatric
brain tumors [16].

Provided that neurosphere formation in this study may reflect
the propagation of tumorigenic cell content of pediatric brain tumors
[3], our results concur with the findings of previous studies, showing
that the in vitro re-generation potential of glioblastoma cells and the
presence of putative cancer stem cells are two considerable prog-
nostic factors for disease progression and clinical outcome [6,17].
Neurospherogenic properties of brain tumor cells are not suitable
for diagnostic purposes, and do not directly prove or disprove the
hypothesis of brain tumor stem cells; nonetheless, further preclini-
cal investigations are warranted to elucidate potential value of NS
cultures to predict in vivo therapeutic response.

CONCLUSIONS

In vitro renewable neurosphere formation predicts the clinical
course of pediatric glial and embryonal brain tumors with a unique
ability that is largely independent of established prognostic indica-
tors. Multivariate analysis of the full population, adjusting for both
Ki67 and neurosphere formation, demonstrated that neurosphere
formation remained predictive of progression, whereas Ki67 did
not. This study confirms and extends previous assessments of neuro-
sphere formation as predictor of clinical outcome [6,17]. Similar to
malignant gliomas in adults, multi-passage neurosphere formation
is prognostic of clinical severity for pediatric glial and embryonal
tumors, confirming the validity of this culture system as a suitable
robust in vitro model and comprehensive neurobiological tool for
preclinical brain tumor research.
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