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Abstract

Regardless of subtype, diffuse gliomas of adulthood are characterized by inexorable progression through treat-
ment. Cancer recurrence in the context of therapy is by no means unique to gliomas. For many tumors residing
outside the central nervous system (CNS), tissue-based analyses are routinely employed to document the molec-
ular and cellular features of disease recurrence. Such interventions are inconsistently applied for gliomas, however,
and lack rigorous standardization when they are. While many of the reasons underlying these discrepancies reflect
pragmatic realities inherent to CNS disease, the suboptimal employment of histological and molecular assessment
at recurrence nevertheless represents a missed opportunity to proactively guide patient management and increase
knowledge. Herein, we address this quandary by pairing a succinct description of the histological, biological, and
molecular characteristics of recurrent glioma with recommendations for how to better standardize and implement
quality pathological assessment into patient management. We hope this review will prompt thoughtful revision of
standard operating procedures to maximize the utility of glioma re-biopsy.

Keywords

The clinical, molecular, and histopathological heterogeneity
of diffuse gliomas has been extensively characterized in re-
cent years, revealing a broad spectrum of genomic alterations
for therapeutic targeting, while also refining disease classifi-
cation based on highly recurrent biomarkers." In particular,
diffuse gliomas affecting adults are now robustly segregated
into 3 subtypes based on mutations in isocitrate dehydro-
genase genes (IDH1 and IDH2) and whole-arm chromosomal

codeletion of 1p and 19q (1p/19q codeletion).2*These advances
have transformed the practice of diagnostic neuropathology,
which now incorporates integral biomarkers into the designa-
tion of specific disease entities, including glioblastoma (GBM),
IDH wild-type (World Health Organization [WHO] grade 1V),
diffuse astrocytoma, IDH-mutant (WHO grade Il), and oligo-
dendroglioma, IDH-mutant and 1p/19q codeleted (WHO grade
I1).# This schema delineates distinct glioma subclasses, each
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characterized by its own optimal management workflows,
whose refinement in affected patient populations will con-
tinue moving forward.

Despite these significant developments in the diag-
nosis and management of primary adult glioma, much
less is known about the unique biological features of
glioma in the recurrent setting. The clinical relevance of
this knowledge gap is considerable, given that adult dif-
fuse gliomas almost invariably recur and progress over
time. Recurrence is often a prerequisite for clinical trial en-
rollment, and almost all adult glioma patients eventually
succumb to recurrent disease.>® One assumes that patho-
logical assessment would play a similarly essential role in
the management of recurrent glioma as it does for primary
tumors. However, repeat biopsy of glioma at recurrence
is by no means uniform practice, and the extent of histo-
logical examination and molecular testing performed on
such specimens has not been rigorously standardized.”®
Although practice patterns vary widely in these cases,
neuropathologists in some cases may resort to descriptive
diagnoses, such as “recurrent/residual high-grade glioma
with treatment effect,” with minimal molecular workup.
This reality has likely hindered progress on a deeper un-
derstanding of tumor progression, and with it the develop-
ment of prognostic, predictive, and diagnostically relevant
metrics to improve patient management. That being said,
the full context of glioma recurrence and the constraints
inherent to tumor re-resection often hamper subsequent
tissue-based analyses. This review will address several
topics relevant to recurrent glioma and the role of patho-
logical assessment in its clinical management, including
the underlying biology of treated glioma; the related is-
sues of pseudoprogression, treatment effects, and ade-
quate tumor sampling during re-resection; and the extent
to which novel therapies may influence the morphological
and clinical features of recurrence. We will also make re-
commendations to improve and better systematize the ap-
plication of histological and molecular analysis to diffuse
glioma in the recurrent setting.

Recurrent Glioma: Histopathological
Considerations

The clinical course of diffuse gliomas in adults is charac-
terized by almost invariable recurrence and progression,
reflecting multiple distinct aspects of disease biology.
Regardless of subtype, all diffuse gliomas by definition
widely infiltrate surrounding brain tissue, precluding cur-
ative surgical resection. lonizing radiation and alkylating
chemotherapy are the mainstays of nonsurgical therapy
for glioma, and both have repeatedly been shown to pro-
long median survival in affected patients.®'® However, clin-
ical responses to these standard-of-care interventions are
not durable, and populations of resistant tumor cells al-
most invariably arise, often in a distribution within 2 cm of
the initial lesion margin."'2 Recurrence prompts additional
therapeutic interventions that, while not uniformly applied
across institutions, may involve re-irradiation, alternative
chemotherapeutic approaches, and/or clinical trials for ex-
perimental treatments. Re-resection for further surgical

debulking may also take place in this setting, although, as
indicated above, such practice is not standardized.

Material obtained from glioma re-resection typically con-
tains varying amounts of viable tumor, necrotic debris, and
nonneoplastic brain elements with reactive changes; these
latter two components represent the effects of cytotoxic
therapy. Such treatment-related features can often ob-
scure findings associated with histopathological progres-
sion in tumors initially classified as low or intermediate
grade (WHO grades lI-lll), further complicating informative
morphological analysis. Nevertheless, while delineating
residual tumor from tumor regrowth and/or disease pro-
gression in this context can be somewhat subjective (see
below), such distinctions may ultimately be less clinically
relevant than the identification of bona fide viable tumor.
To this point, some studies have shown that the presence
of histologically confirmed viable tumor, in and of itself, is
significantly associated with unfavorable prognosis.’3
Such findings point to potential side benefits for recurrent
glioma surgery, which has itself already been found to im-
prove patient outcome in a large retrospective analysis.'®
However, other studies have failed to demonstrate cor-
relations between viable glioma at re-biopsy and clinical
outcome,'® emphasizing the need for systematic validation
grounded in consistently applied histopathological cri-
teria. Spatial heterogeneity inherent to posttreatment GBM
likely contributed to the disparate results detailed above,
as none of the referenced studies systematically tracked
the radiographic localization of specific biopsies, even at
the level of enhancing versus nonenhancing disease.

Of course, effective histological analysis is predicated
on adequate lesion sampling, by no means a certainty
in cases of recurrent glioma. Even for primary glioma,
no consensus exists regarding the procurement of ade-
quate specimen for downstream analysis, with practice
largely dependent on the philosophy and experience of
individual neurosurgeons. As might be expected, higher
numbers of tissue samples do correlate with improved
diagnostic yield and accuracy."” Radiographic guidance,
especially using advanced brain tumor imaging (ABTI),
can further facilitate this process,'®' and intraoperative
application of 5-aminolevulinic acid has been shown in a
number of studies to improve resection precision while
also decreasing the number of samples needed to obtain
a definitive diagnosis.?-23 The extent to which these sup-
porting technologies can be leveraged into operational
standards for optimal glioma sampling in the recurrent
setting remains to be seen. The notable molecular het-
erogeneity of recurrent glioma (see below) further em-
phasizes the importance of obtaining adequate resection
material to inform patient management. Even in primary
glioma, major genetic divergence has been shown to exist
between tumor core and periphery, regions differentiated
by hypoxia, and topographically distinct areas within the
same tumor.?4-2°

Distinguishing true recurrence from pseudoprogression
represents perhaps the most important quandary that ef-
fective pathological assessment can help to resolve in
glioma patient management. Pseudoprogression is a
clinical diagnosis whose biological substrate is robust
cytotoxic response to radiochemotherapy or immuno-
therapy. It manifests as apparent radiographic disease
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progression (typically, though not always, within 12 weeks
following completion of radiotherapy) that eventually
resolves spontaneously without further treatment.3%-32
As such, pseudoprogression mimics tumor recurrence
and may initiate an unwarranted switch to a second-line
chemotherapeutic or therapeutic nihilism. Some studies
have associated molecular factors, such as IDH mu-
tation and methylation of the O8-methylguanine-DNA
methyltransferase (MGMT) promoter, with increased inci-
dence of pseudoprogression in glioma.33-3%¢ ABTI modal-
ities also hold promise for identifying pseudoprogression
cases, although robust methodology is still lacking at
present.3”38 Nevertheless, histological confirmation of
treatment effect without viable tumor, when available,
remains a key finding supporting clinical diagnosis of
pseudoprogression; this despite the inconsistent sam-
pling issues characteristic of neurosurgical practice (see
above). It is important to note, however, that no explicit
standards currently exist for the histological diagnosis of
pseudoprogression, regardless of whether it arises within
3 months of treatment initiation or as a later stage compli-
cation. Strategies to address this significant deficiency in
patient management are described below.

Recurrent Glioma: Molecular
Considerations

While the precise biological mechanisms driving thera-
peutic resistance and progression in glioma remain un-
clear, molecular heterogeneity almost certainly plays an
important role. Even within established glioma subtypes,
molecular heterogeneity exists, particularly for GBM.23%40
Large profiling studies have delineated a broad spectrum
of recurrent genomic alterations characterizing GBM,
along with 3 distinct molecular subclasses, each des-
ignated by transcriptional and DNA methylation signa-
tures.394142 Even within individual GBMs, a striking degree
of molecular heterogeneity is often evident. Tumors com-
posed of distinct yet coexisting cellular subclones, each
harboring its own amplified receptor tyrosine kinase locus,
have been documented by multiple groups.?’?° Moreover,
regional sampling of GBM specimens has revealed signif-
icant genomic variability as a function of 3-dimensional
space.”®® Finally, single cell analysis has shown marked het-
erogeneity in transcriptional profiles across the neoplastic
components of individual GBMs.** One would expect
highly divergent tumor subclones to behave differently in
the context of treatment, setting the stage for recurrence.
The effects of frontline glioma therapy on global mo-
lecular profiles also speak to potential recurrence mech-
anisms. Temozolomide, the chemotherapeutic most
frequently employed in the upfront treatment of glioma,
has been repeatedly shown to induce a hypermutant
state in a small subset of tumors.**#” This phenotype is
thought to result from mutational inactivation of one of
several mismatch repair genes (MSH2, MSH6, MLH1,
and others), after which affected tumors are prone to
acquire numerous additional genomic alterations de-
rived from alkylating agent-associated DNA damage.*%46
Therapy-induced hypermutation has now been identified

in IDH-mutant lower-grade gliomas as well as GBMs and
appears to affect genes encoding classical oncogenic
pathway constituents—within the phosphatidylinositol-3
kinase network, for instance—in at least some cases.%’
Hypermutation in IDH-mutant gliomas also appears to
be associated with high-grade transformation to GBM,
although a relatively small number of such cases have
been analyzed thus far, largely restricted to MGMT meth-
ylated cases.?’

Molecular evolution in the context of treatment is not lim-
ited to hypermutated gliomas alone. Multiple studies have
now more generally addressed genomic alterations ac-
quired during frontline therapy in small- to medium-sized
sample cohorts. While no consistent patterns of pathogenic
abnormalities have emerged, several compelling insights
have been gleaned from these investigations. Perhaps not
surprisingly, recurrence appears to be a complex phenom-
enon, featuring a multitude of clonal trajectories exhibiting
varying degrees of similarities and discordances relative
to the primary lesion in question.**#® Not infrequently,
genomic alterations acquired or lost at recurrence impact
potentially targetable molecular networks.*%5" While recur-
rent clones may originate from any point during the molec-
ular evolution of a glioma, it remains unclear which specific
tumor cells act as fundamental drivers of the process.505"
Recurrence-associated subclones may even arise years be-
fore diagnosis, consistent with the notion that relevant mo-
lecular features need not be treatment induced.*® Further
supporting this conjecture, the extent of genomic altera-
tion does not appear to directly correlate with treatment
resistance, at least for GBM.*° In general, studies of glioma
recurrence using patient-matched pre- and posttreatment
sample sets have suffered from insufficient sample num-
bers, a deficiency that multi-institutional consortia are at-
tempting to mitigate.5? Sufficiently powered investigations
should further clarify the unique molecular mechanisms
driving recurrence in glioma, ideally demonstrating spe-
cific molecular networks whose engagement directly pro-
motes cellular resistance phenotypes.

Novel Therapeutic Agents:
Bevacizumab as a Case Study

As alluded to above, surgical resection, ionizing radiation,
and alkylating agent chemotherapy constitute the main-
stays of glioma treatment, regardless of subtype. However,
efforts to apply targeted therapies are ever present, and
more widespread implementation of these agents in
the near future will likely impact disease recurrence pat-
terns from both histological and molecular perspectives.
Bevacizumab, a monoclonal antibody targeting vascular
endothelial growth factor A, serves as a particularly illustra-
tive example of such considerations. Bevacizumab has been
approved for the treatment of recurrent GBM since 2009
and has also been used in the upfront setting on a trial basis
in combination with cytotoxic chemotherapeutics.53%* As
an angiogenesis inhibitor, its effects on peritumoral edema
and radiographic markers of malignant glioma, most no-
tably contrast enhancement by MRI, are well described.
However, recent analyses have failed to demonstrate that
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bevacizumab prolongs survival in GBM patients, whether
in the upfront or the recurrent setting.55-%7 A distinctive re-
currence pattern has been described for a subset of GBM
patients treated with bevacizumab. Specifically, these cases
are characterized by infiltrative tumor regrowth that is non-
contrast enhancing by MRI and features so-called “normal-
ization” of vasculature on histological analysis.?®%° Studies
in xenograft and mouse models have begun to delineate
the molecular foundations of bevacizumab recurrence in
glioma.® However, clinical translation of such findings lags
behind, as there are still no established histopathological
criteria for designating bevacizumab recurrence in rou-
tine specimens from the operating room. This quandary in
part reflects the dearth of primary tissue from which such
standards could be derived, given that gliomas treated with
bevacizumab are rarely subjected to re-biopsy, due in part
to legitimate concerns over increased bleeding risk and
questions of clinical relevance.

Unique recurrence patterns and histopathological fea-
tures may soon emerge in association with other targeted
therapies. In particular, immune checkpoint inhibition
might be expected to have specific effects on the cellular
and molecular features of the tumor microenvironment
that would be both observable and identifiable at biopsy.
Accurately ascertaining such phenotypes, of course, will
depend on the availability of adequate posttreatment
tissue from immunotherapy trials.

Recommendations

The recommendations detailed below are made with the
goal of further developing and improving standards of re-
current glioma management. It is hoped that their effec-
tive execution will address the significant knowledge gaps
within this topic area.

Rigorously define “recurrent” versus “residual”
glioma in diagnostic pathology

The reviewing pathologist should make every attempt to
distinguish between recurrent and residual glioma, and
avoid the mostly non-informative diagnosis of “recurrent/
residual glioma.!” For instance, the term “residual glioma”
could be employed to specify glioma cells showing une-
quivocal treatment-related effects, such as severe nuclear
atypia and ragged cell architecture, without signs of pro-
liferation, such as elevated MIB-1/Ki67 immunolabeling
(Fig. 1A, B). The term “recurrent glioma” could then be re-
served for the designation of robust tumor regrowth, char-
acterized by healthy-looking tumor cells exhibiting solid
growth, dense cellularity, and proliferative activity (Fig. 1C,
D). Findings of classic pseudopalisading necrosis and/or
microvascular proliferation might be indicative of robust
recurrence and even increased tumor grade (in the ap-
propriate clinical setting), although care in such interpret-
ations is required as necrosis and endothelial hyperplasia
are also routinely seen as components of necrotizing
treatment effect. Specific quantitative criteria for prolifer-
ative activity, based on MIB-1/Ki67 and/or phosphohistone
H3 immunostaining, could also be applied, although

their precise establishment would likely require multi-
institutional consensus (see below). Finally, reviewing the
relevant primary resection material could provide further
insights into the expected cellular, architectural, and prolif-
erative features of the lesion in question.

Better defining the distinction between the terms “re-
sidual” and “recurrent” would provide more precise sig-
nals to clinicians with regard to histopathological evidence
of bona fide tumor regrowth. When both residual and re-
current tumor are identified, it may be preferable to only
state the presence of recurrent tumor in the main diag-
nostic line, as this finding carries the greatest clinical rel-
evance, and reserve acknowledgment of residual tumor
for the “microscopic description” or “comment” sections
of the report. Reporting the overall percentage of frankly
recurrent tumor may also be of value, but as discussed
above, the composition of any given resection may vary
considerably based on the degree to which the lesion in
question is effectively sampled.

Implementing these or similar morphological guide-
lines is, of course, easier said than done and has yet to be
meaningfully standardized within the neuropathological
community. Recent work has shown that considerable var-
iability exists between neuropathologists in the evaluation
of recurrent glioma specimens, even when specific histo-
pathological features are assessed independently.8” Any
effort to better standardize this process will require multi-
institutional collaboration to establish robust, objective his-
topathological criteria that are consistently applied, ideally
in a quantitative or semi-quantitative manner. Systematizing
such analyses represents an excellent short-term goal upon
which further refinements could be made to the recurrent/
residual glioma distinction in the context of prospective
studies. Finally, progress in this area will almost certainly re-
quire improved specimen sampling, perhaps in concert with
radiographic guidance and frozen section analysis.

Study pseudoprogression in prospective cohorts
with standardized pathological and radiographic
correlates

The diagnosis of pseudoprogression currently lacks a ra-
diographic and/or histological gold standard. Establishing
these criteria will require prospective studies that combine
adequate posttreatment tissue sampling with radiographic
analysis (likely including ABTI) and clinical follow-up in GBM
patients receiving standard upfront therapy. While no simple
standards (eg, paraffin block number) exist for determining
specimen adequacy in these contexts, analyzed tissue should
be oriented to and representative of specific radiographic fea-
tures, possibly with distinct areas of interest sampled inde-
pendently. Such precision would enable robust correlations
between key radiographic and histological findings.

Perform detailed molecular analysis on recurrent
glioma biopsy material

As indicated above, diffuse gliomas of all subtypes un-
dergo molecular evolution in the context of upfront
therapy, frequently involving oncogenic pathways for
which targeted compounds exist.*’ As these treatment
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Fig. 1 “Residual” versus “recurrent” GBM. (A) Patterns more

suggestive of residual, posttherapy GBM include low-to-moderate
cellularity tumor with large swaths of necrosis that may contain
mineralization (*). (B) At higher power, the tumor cells still may be
alive, but do not appear healthy. Such cells usually show marked
nuclear atypia with very few mitoses, if any. Blood vessels often
appear devitalized, hyalinized, and distorted (arrowhead). (C)
Genuinely recurrent GBM, on the other hand, is more densely cel-
lular, often with robust microvascular proliferation (arrowheads).
(D) While recurrent GBM will still contain highly atypical cells,
most cells will appear quite viable, with scattered mitoses (arrow-
heads). Scale bar = 250 um in (A) and (C), and 50 pm in (B) and (D).

strategies continue to be incorporated into therapeutic
trials, molecular profiling in the clinical setting should
ideally be conducted not just on a patient’s primary spec-
imen, but also at the time of recurrence, when most
glioma patients are first considered for study enrollment.
Purity and ploidy analysis of such genomic data could
also inform the assessment of recurrent versus residual
disease, through its designation of densely cellular ne-
oplastic growth. Obtaining adequate recurrent glioma
tissue by way of re-biopsy represents an obvious pre-
requisite for such testing, at least currently. Indeed, sam-
pling multiple sites within a recurrent specimen might
even be warranted in certain settings, in light of the sig-
nificant cellular and molecular heterogeneity inherent to
diffuse gliomas. Liquid biopsy via cerebrospinal fluid and/
or plasma-based profiling may obviate the need for ad-
ditional tissue at some point, although the sensitivity of
these approaches may ultimately be lacking, particularly
in the setting of extensive intratumoral heterogeneity.
Regardless, studies required to ascertain the effective-
ness of such alternatives will themselves require tumor
sampling to determine extent of correlation between
methodologies.

Substantially increasing the extent to which recurrent
gliomas are subjected to extensive molecular profiling
has obvious implications on cost of care, and arguments

against the relevance of such testing, given the current lack
of proven targeted treatment options for glioma, are not
without merit. That clinical trials include molecular pro-
filing performed on recurrent glioma specimens, there-
fore, takes on even greater importance, as the need for
such testing can only be established in the context of for-
malized studies.

Systematically include posttreatment tissue assess-
ment in clinical trials

Determining the impact that novel therapies have on the
histological and molecular profiles of treated gliomas re-
quires sufficient sampling at the time of progression, with
specific considerations regarding specimen adequacy
analogous, though likely not identical, to those described
for pseudoprogression (see the second Recommendation
above). As noted above for bevacizumab, even when dis-
tinct patterns of recurrence are reported in association
with specific therapies, establishing robust criteria for
their designation in the clinical setting requires a higher
standard of evidence. Such challenges point to the ne-
cessity of systematic posttreatment tissue analysis as an
integral component of trial design. Of course, balancing
these concerns appropriately with legitimate clinical indi-
cations for re-resection represents a crucial ethical con-
straint that must be effectively addressed. It should be
noted that multiple existing clinical trials routinely pursue
collection of recurrent tumor specimens if and when they
become available. Relevant strategies also include col-
lection of postmortem tissues, especially if repeat neuro-
surgery is not clinically advisable. The logistics of patient
transport and prolonged ischemic time are nontrivial
obstacles to overcome in the postmortem setting, as are
funding for such infrastructure and strained autopsy re-
sources. Nevertheless, several institutions have developed
highly successful programs through prioritized financial
and personnel commitments, sometimes with the aid of
philanthropic support. In this respect, pioneering work by
pediatric groups aimed at advancing the molecular char-
acterization of diffuse midline glioma (formerly diffuse
intrinsic pontine glioma) has provided organizational tem-
plates for advancement.5263 Autopsy programs have the
potential to yield many tangible benefits, including (i) much
larger tumor and nontumor samples than are possible to
obtain through surgery, (ii) detailed mapping of tumor ev-
olution in relation to 3D spread, (iii) studies of tumor and
treatment effects on nonneoplastic brain tissue, (iv) pro-
curement of cell lines from gliomas that have proven re-
sistant to first- and second-line therapies, and (v) a sense
of closure for many families and loved ones, especially if
the postmortem director routinely discusses primary find-
ings with the bereaved.

Conclusion

While much work remains to be done, it is imperative
that the neuro-oncology community make better use of
the opportunity recurrent gliomas provide to evaluate
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their biological and molecular evolution and incorpo-
rate findings into improved clinical management. This
will likely require increasing the frequency, size, and
sampling scope of glioma biopsies in the recurrent set-
ting, shifting practice patterns. Indeed, establishing and
executing operational criteria for the histological and
molecular analysis of recurrent glioma will obviously
require recurrent glioma tissue. Obtaining this mate-
rial with clinical and radiographic correlation will likely
improve its utility, and may even serve to minimize the
extent of necessary tissue sampling. However, on a fun-
damental level, the importance of adequate specimen
cannot be overstated.
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