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Abstract

The purpose of this critical review is to explore the controversy regarding the relationship between
radiation dose to the neural progenitor cell (NPC) niches and patient outcomes, in terms of both
toxicity and tumor control. NPCs in the subventricular zone (SVZ) and hippocampus are
paradoxically associated with long-term neurocognitive sequelae of brain irradiation, as well as
resistance to therapy and tumor recurrence. The reconciliation of these somewhat opposing
functions is challenging. Current literature suggests that radiation and other treatments against the
NPC in the hippocampus and the SVZ may influence patient outcome. As a result, both the SVZ
and the hippocampus could have important implications on radiation treatment planning strategies,
and future laboratory and clinical evaluations will be critical in designing studies to optimize
treatment outcome, effectiveness, and safety.

Introduction

Radiation treatment is important in the management of many pediatric and adult brain
tumors. However, radiation to the brain is associated with neurocognitive toxicity.1-6
Recently, controversy has developed regarding the relationship between radiation dose to
the neural progenitor cell (NPC) niches and patient outcome, in terms of both toxicity and
tumor control.”

A NPC is a multipotent stem cell with the capacity to differentiate into new neurons and
glia.8 Within the mammalian brain, these NPCs are known to reside in 2 areas, the
subventricular zones (SVZ) and the subgranular zones (SGZs) (Fig. 1).° Both are considered
the germinal regions of the adult human brain. The SVZ is the largest germinal region in the
adult mammalian brain and is located in the lining of the lateral ventricles, whereas the SGZ
is located within the dentate gyrus of the hippocampus.1°
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Although the functional role of NPCs in humans has not been fully defined, animal studies
demonstrate that NPCs in the SVZ and the hippocampus are capable of self-renewal, injury
repair, and tumor inhibition.11-15 It is hypothesized that injury to NPCs during radiation to
the brain may contribute to the long-term sequelae of radiation therapy (RT), most notably
in terms of neuropsychological toxicity. Yet, paradoxically, emerging evidence suggests that
NPCs may also contribute to cancer recurrence and glioma resistance to chemotherapy and
RT.16-19 The purpose of this critical review is to summarize the current literature and
explore the controversy regarding RT to the SVZ and hippocampus.

Radiation Sparing of the NPC Niches May Preserve Neurocognitive
Functions

Radiation to the brain is associated with neurocognitive toxicity and reduced performance
on neuropsychological testing, especially in children (Fig. 2).1-6:20.21 Although the cause of
radiation-induced damage to the brain is likely multifactorial, there is a growing body of
evidence that suggests that injury to the NPCs may play a role. In this section of the article,
we discuss the roles of NPCs and their effects on neurocognitive performances. We also
summarize the current literature and discuss how NPC-sparing radiation protocols in both
the hippocampus and the SVZ may affect patient outcomes.

NPCs are capable of injury repair in both the SVZ of the lateral ventricles and the SGZ of
the hippocampus. Previous studies have demonstrated how NPCs migrate to the site of
inflammation and replace endogenous cells following cortical injury, stroke, and
epilepsy,1314 that is, NPCs are capable of neuronal renewal and regeneration.
Understandingly, radiation-induced damage to these progenitor cells could affect
neurocognitive function.22-28 Moreover, radiation doses to the distinct NPC niches seem to
have different levels of effect, and previous studies have reported an especially strong
association between radiation to the hippocampus and neurocognitive toxicity. For example,
animal studies have shown that radiation to the brain significantly reduces the formation of
new cells in the hippocampus and is associated with decreased performance of hippocampal-
related tasks.23:24:29.30

Similarly, clinical studies have demonstrated that radiation to the hippocampus is associated
with neurocognitive deficits.31-37 NPCs are also found in humans, and these germinal areas
including the SVZ and the hippocampus have also been associated with the formation of
new neurons.838 Several studies have linked radiation dose to brain regions, such as the
hippocampus to the development of neurocognitive deficits in children.31:36:37 Furthermore,
prospective data from a pediatric study suggest a significant association between the mean
radiation dose to the hippocampus and temporal lobe and decline in neurocognitive
performance (Fig. 3).3!

Although studies have shown an association between the RT dose to the hippocampus and
neurocognitive function, the relationship between RT dose to the SVZ and neurocognitive
function is more controversial.31:39:40 Reductions in neurocognitive performance have been
documented following administration of intrathecal chemotherapy in children with
leukemia.32 Given that the drug penetrates only a thin layer adjacent to the ventricular
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system, this suggests that periventricular cells may play an important role in neurocognitive
function. However, improved neurocognitive performance in patients with central nervous
system germ cell tumors who were treated with whole-ventricle radiation when compared
with craniospinal radiation has been reported,*° suggesting that perhaps the cells lining the
ventricle may not be as vital as other areas in the brain in neurocognitive sequelae of RT. In
addition, only 1 animal study to date has documented a relationship between RT dose to the
SVZ and performance on neuropsychological testing,! and no human studies have
confirmed this relationship.

Given the potential relationship between radiation injury to the NPC and neurocognitive
deficits, ongoing efforts are evaluating the possibility of hippocampal-sparing RT
techniques. Several studies have suggested that sparing of the NPC in the hippocampus and
SVZ is possible using modern treatment planning techniques (Fig. 4).10:42-45 |n addition, an
animal study suggested that these techniques effectively spare the NPCs (Fig. 5).43

Preliminary results from Radiation Therapy Oncology Group (RTOG) 0933 suggest that
hippocampal sparing may be associated with reduced short-term memory deficits in patients
with brain metastases compared with a historical control treated with conventional whole-
brain RT on an earlier RTOG study.*? Specifically, patients treated with hippocampal-
sparing whole-brain RT demonstrated a 7% memory loss, compared with 30% in the
historical control. Quality-of-life assessments from the same study also demonstrated more
favorable results for patients treated with hippocampal-sparing RT when compared with the
historical control .42

Given the optimistic phase Il data, the concept of hippocampal-sparing RT merits further
investigation. An ideal population to further evaluate this hypothesis is in patients with small
cell lung cancer (SCLC) who receive prophylactic cranial irradiation, as these patients do
not have an intra-parenchymal mass to confound the results, and the chemotherapy that they
receive is relatively homogeneous. There is an ongoing single-arm phase 1l study in patients
with limited-stage SCLC that is currently enrolling patients at our institution. The eligibility
criteria are based on RTOG 0212, which will be used as a historical control. An intergroup
study is currently under development to more definitively evaluate the concept in patients
with limited- and extensive-stage SCLC in which patients will be randomized to either
hippocampal-sparing prophylactic cranial irradiation or conventional whole-brain radiation.

The Complication: Radiation to NPC Niches May Affect Outcomes in

Certain Tumor Types

Although the aforementioned data suggest that limiting RT dose to the NPC regions might
be beneficial in reducing neurocognitive sequelae of brain RT, the issue may not be as
straightforward as it initially appears. Although NPCs are associated with injury repair, there
is also evidence that they may be involved with tumor control as well as tumor recurrence
and cancer radioresistant behaviors in certain tumor types. Interestingly, there are data to
support both a positive and negative relationship in this setting.
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For example, in vitro data from brain tumors suggest that NPCs may transform into cancer
stem cells through a series of mutations in the oncogenes and tumor-suppressor genes and
that this ultimately may allow them to have protumor behavior.16-18 Oncogenes in NPCs of
the SVZ can be activated to induce proliferation, survival, and migration in mice, leading to
the formation of gliomas.2223 Furthermore, NPCs share many properties with cancer stem
cells, including their ability to migrate in brain.*® Glioma cells have been shown to release
factors that actively recruit nearby NPCs and induce their malignant transformation into
cancer stem cells. 46

Previous studies have also suggested that radiation might encourage the induction of NPCs
into cancer stem cells and that the consequent malignant transformation of NPCs may
potentially contribute to glioblastoma resistance to chemotherapy and RT. Irradiated cancer
cells showed enrichment in CD133-expressing cells, a marker that is specific for both NPCs
and cancer stem cells. These CD133+ cells survive radiation much more effectively by
activating DNA damage repair mechanisms.#” It has been postulated that CD133+ cancer
stem cells become radio-resistant by promoting the translocation of LLCAM intracellular
domains from the cytoplasm into the nucleus, which activates checkpoint responses and
subsequent DNA damage repair.4”:48 Overall, these studies provide evidence that CD133+
cancer cells survive radiation more effectively and contribute to tumor growth through
preferential activation of the DNA repair mechanisms. We can hypothesize from these
studies that it is possible for CD133+ NPCs to transform into CD133+ cancer stem cells,
especially as radiation specifically to the murine SVZ and the hippocampus has been linked
to the formation of tumor satellites, as well as an increased migration of NPCs to the tumor
core and to the satellite sites.4?

Clinical data also support the hypothesis that NPCs contribute to local recurrences or
treatment resistance or both. Retrospective human studies have suggested worse patient
outcomes with glioblastoma located immediately adjacent to lateral ventricles,19:47.50-53
The explanation for this finding is unclear, but emerging data suggest a potential
relationship between radiation dose to the SVZ and patient outcome.®52-54 |n a recent study,
Chen et al® retrospectively examined adult patients with GBM and reported improved
progression-free survival (PFS) and overall survival (OS) in the subgroup of patients who
underwent gross total resection, when they received an ipsilateral SVZ dose of 240 Gy
compared with the same subgroup who received an ipsilateral SVZ dose <40 Gy (Fig. 6).
Similarly, Lee et al retrospectively studied adult patients with GBM and reported
improvements in both PFS and OS among the patients who received high ipsilateral SVZ
doses, more than 59.4 Gy. These results are important and suggest that higher radiation dose
to the SVZ may be beneficial to patient outcomes. Furthermore, these studies suggest that
acute toxicity of delivery of a high radiation dose to the SVZ may be acceptable as there was
no statistically significant difference in the Karnofsky Performance Status for patients
receiving low dose to SVZ (<40 Gy) vs high dose (>60 Gy) to the SVZ.954

Nevertheless, although the aforementioned retrospective series are thought provoking and
hypothesis generating, they could be confounded. For example, outcomes could be affected
by differences in upfront bevacizumab administration or the salvage therapies used at the
time of progression. Similarly, in these retrospective series, the dose received by the S\VZ
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was likely directly affected by tumor location and geometry as tumors that reside close to
the SVZ likely received higher SVZ radiation dose. Furthermore, methylation status of the
05-methylguanine-methyltransferase (MGMT) promoter was not accounted for in these
retrospective series but could affect results.9>4 As a result, prospective evaluation of the
relationship between radiation dose to the SVZ and outcomes in patients with brain cancer
will be critical to better understanding the relationship.

To address this question, a prospective single-arm phase 11 study in patients undergoing RT
plus temozolomide chemotherapy for newly diagnosed GBM at our institution limited the
radiation dose to the NPC niches as much as possible without compromising coverage of the
tumor. The primary end point is local recurrence in the spared NPC niches. This study
recently closed to accrual, with results forthcoming.>* Another study open to accrual at our
institution in the same patient population will examine potential benefits in tumor outcomes
with the delivery of higher doses of RT to the SVZ. Other interesting possibilities for future
investigation might include therapeutic agents that target the SVZ. For example, recent
findings have attributed dopamine signaling mechanisms of the D3 subtype receptor to the
migratory behavior of NPCs toward the tumor site and have suggested that D3 blocking
drugs to the SVZ could also prolong patient survival.®

How to Reconcile the Opposing Viewpoints?

This review has explored the potential role of NPCs in the SVZ and hippocampus in both
the long-term neurocognitive sequelae of brain irradiation and in resistance to therapy and
tumor recurrence. The reconciliation of these somewhat opposing functions is challenging
and is a critical avenue for future laboratory studies and prospective clinical trials. One
possibility is that the role of the NPCs varies with both tumor pathology and location in the
brain. For example, given the vast heterogeneity of cancers, it is likely that the role of the
NPCs varies dramatically between different pathologies as well as within the same tumor
type and even the same tumor. In addition, it is possible that NPCs in the SVZ may play a
different role than NPCs in the hippocampus, and perhaps they should be given different
considerations during radiation treatment planning.

An improved understanding of this complex relationship will be critical to allowing us to
apply it effectively in the clinic. Importantly, to date we remain uncertain of the precise
radiation tolerance of NPC and cancer stem cells to fractionated RT. This detail is critical
both in designing future studies to spare the NPC and in designing trials to intentionally
deliver radiation dose to these areas in certain types of tumors.

Similarly, although we hypothesize that NPCs may transform into cancer stem cells and are
associated with tumor recurrence and cancer radioresistant behaviors, there are directly
contradictory animal studies as well. For example, NPCs have been shown to migrate to the
site of tumors with greater NPC attraction being associated with decreased tumor size and
improved 0S.11.12.15.56 This paradox once again highlights the need for additional studies,
both in the laboratory and in the clinic, to more fully address this fascinating and seemingly
vital question.
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summary, the relationship between NPC in the hippocampus and SVZ remains an

interesting academic question and one that likely will have important implications for
radiation treatment planning strategies in the future. However, additional laboratory and

cli

nical studies will be critical in allowing us to explore this topic further and ultimately

apply it to our patients with maximum effectiveness and safety.
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Figure 1.
Germinal regions of the adult human brain. The subventricular zone (SVZ) is the largest

germinal region in the adult mammalian brain, located in the lateral wall of the lateral
ventricle. The subgranular zone (SGZ) is located within the dentate gyrus of the
hippocampus. The CAL, CA2, and CA3 represent Cornu Annulis fields of hippocampus
proper and, along with dentate gyrus, constitute the hippocampal formation, the primary
memory center in the brain. (Color version of figure is available online.)

© 2006 MediVisuals Inc. Reprinted with permission from Barani 1J, Benedict SH, Lin PS,
“Neural stem cells: implications for the conventional radiotherapy of central nervous system
malignancies,” Int J Radiat Oncol Biol Phys 68(2):324-333, 2007.
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Figure 2.

Full-scale 1Q distribution in patients with medulloblastoma from Grill et al.5” Long-term
neurocognitive deficits are observed with radiation therapies in a dose-dependent manner. In
this study, patients treated with 35 Gy of craniospinal (CSI) radiation demonstrated
significantly poorer performance on the full-scale 1Q testing than patients treated with 25 Gy
of CSI. Number of patients in group CSI = 25 Gy is 11. Number of patients in group CSI =
35 Gy is 8. FSIQ, full-scale 1Q.
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Figure 3.
Performance on neuropsychological testing is worse with increasing radiation dose to the

hippocampus from Redmond et al.3! The performance on the Purdue Pegboard both hands
test (Z-scores), a measure of motor dexterity and speed, at 6 months following completion of
RT relative to (A) mean left hippocampal radiation dose, P = 0.049, and (B) mean right
hippocampal radiation dose, P = 0.032 is shown. Standardized scores were used in this
analysis to account for the effect of age on test performance.
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Absolute

Figure4.
An example hippocampal-sparing prophylactic cranial irradiation (PCI) treatment plan. The

prescription dose is 25 Gy in 10 fractions. The mean dose to the hippocampal avoidance
region is <8 Gy with >90% of prescription dose covering >90% of whole brain.
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Non-sparing SVZ

Sparing SVZ

Figureb.
Mouse radiation treatment plans (left) and microscopy images (right) for the non—-NPC-

sparing (top) and NPC-sparing (bottom) radiotherapy plans from Redmond et al.#3 Left side
MR and CT images from the mouse radiation treatment plans showing the radiation dose
distribution for the non—-NPC-sparing (A-C) and NPC-sparing radiation treatment plans (F-
H). It can be noted that for the non—NPC-sparing plan, the region of the SVZ of the
ipsilateral lateral ventricle receives a high radiation dose, whereas this region is effectively
spared in the NPC-sparing plan. Scans taken are as follows: coronal MRI (A and F), coronal
CT (B and G), and axial MRI (C and H). Dose values are shown in the legend. Right side
coronal sections showing Ki-67 stains (green) in the SVZ of the lateral ventricles following
non—-NPC-sparing RT (D and E) and NPC-sparing RT (I and J). Ki-67 is a marker of cellular
proliferation and is used in this model as a potential indicator of NPCs. Costaining is
performed using DAPI (blue). Images (D and I) were taken with a 109 objective lens and the
images (E and J) with 409 objective lens. CT, computed tomography; DAPI, 4/,6-
diamidino-2-phenylindole; MRI, magnetic resonance imaging; LV, left ventricle.
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Figure®6.
Progression-free survival (PFS) and overall survival (OS) improve in the subgroup of

patients that underwent gross total resection and received increased dose to SVZ in Chen et
al.9 (A) PFS by ipsilateral subventricular dose in gross total resection patients (n = 41). PFS
in patients whose ipsilateral subventricular zone (SVZ) received less than 40 Gy was
significantly different from that in those who received a dose of 40 Gy or greater as
measured by median PFS of 10.3 vs 15.1 months (95% CI: 7.4-13.2 months) and log-rank
test (PZ.023), as well as adjusted hazard ratio for PFS (2.60) (PZ.028). (B) Overall survival
(OS) by ipsilateral subventricular dose in gross total resection patients (n = 41). OS in
patients whose ipsilateral subventricular zone (SVZ) received less than 40 Gy was
significantly different from those who received a dose of 40 Gy or greater as measured by
median overall survival of 15.6 vs 17.5 months (95% CI: 11.3-19.9 months) and adjusted
hazard ratio for progression-free survival (2.60) (PZ.027).
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