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Abstract

Background. IDH-mutant gliomas are separate based on the codeletion of the chromosomal arms 1p and 19q into
oligodendrogliomas IDH-mutant 1p/19g-codeleted and astrocytomas IDH-mutant. While nuclear loss of ATRX ex-
pression excludes 1p/19q codeletion, its limited sensitivity prohibits to conclude on 1p/19q status in tumors with
retained nuclear ATRX expression.

Methods. Employing mass spectrometry based proteomic analysis in a discovery series containing 35 fresh frozen
and 72 formalin fixed and paraffin embedded tumors with established IDH and 1p/19q status, potential biomarkers
were discovered. Subsequent validation immunohistochemistry was conducted on two independent series (to-
gether 77 oligodendrogliomas IDH-mutant 1p/19g-codeleted and 92 astrocytomas IDH-mutant).

Results. We detected highly specific protein patterns distinguishing oligodendroglioma and astrocytoma. In these
patterns, high HIP1R and low vimentin levels were observed in oligodendroglioma while low HIP1R and high
vimentin levels occurred in astrocytoma. Immunohistochemistry for HIP1R and vimentin expression in 35 cases
from the FFPE discovery series confirmed these findings. Blinded evaluation of the validation cohorts predicted the
1p/19q status with a positive and negative predictive value as well as an accuracy of 100% in the first cohort and
with a positive predictive value of 83%; negative predictive value of 100% and an accuracy of 92% in the second
cohort. Nuclear ATRX loss as marker for astrocytoma increased the sensitivity to 96% and the specificity to 100%.
Conclusions. We demonstrate that immunohistochemistry for HIP1R, vimentin, and ATRX predict 1p/19q status
with 100% specificity and 95% sensitivity and therefore, constitutes a simple and inexpensive approach to the clas-
sification of IDH-mutant glioma.

© The Author(s) 2022. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com


https://doi.org/10.1093/neuonc/noac111
https://orcid.org/0000-0001-5441-1962
https://orcid.org/0000-0002-6171-634X
mailto:David.Reuss@med.uni-heidelberg.de?subject=

Felix et al. HIP1R/VIM predicts 1p/19q status in IDH-mut glioma

¢ Inverse proteomic abundances of HIP1R and vimentin strongly associate with

1p/19q status.

HIP1R/vimentin staining strongly associates with 1p/19q status of IDH mutant

gliomas.

HIP1R/vimentin/ATRX immunohistochemistry minimizes the need for 1p/19q
analyses.

Importance of the Study

Assessment of the chromosomal 1p/19q status is man-
datory to distinguish between IDH mutant astrocytoma
and oligodendroglioma. Genetic analyses need to be car-
ried out, which are expensive, time consuming, and not
readily available everywhere. Immunohistochemical loss
of ATRX is currently the only established surrogate marker
for a non-1p/19g-codeleted genotype. We identified in-
verse abundances of HIP1R and vimentin as candidate
biomarkers using mass spectrometry. Translation of this
pattern to immunohistochemistry was feasible and in an

Since 2016 WHO requires molecular testing for the diag-
noses of oligodendroglioma IDH-mutant and 1p/19g-
codeleted and astrocytoma IDH-mutant." IDH and 1p/19q
status is diagnostic, prognostic, and predictive and, there-
fore, essential for postsurgical treatment.?

In the overwhelming majority of cases IDH status can
be determined by mutation specific antibodies due to the
very high prevalence of the IDH1-R132H mutation. Only
approximately 10% of tumors require sequencing due
to other rare IDH1 mutations or due to infrequent IDH2
mutations.3* The 1p/19q status requires more laborious
approaches and relies either on FISH analyses, MLPA
analysis, or copy number profiling based on array data.’
Therefore, surrogate markers for determining 1p/19q are
highly requested. To this end, two genes associated with
telomere modelling have been employed so far. Loss
of nuclear ATRX expression is highly associated with
astrocytoma, IDH-mutant.® While this can be readily deter-
mined by immunohistochemistry, many of these tumors
do not exhibit this feature resulting in a reduced sensitivity
of this highly specific marker for astrocytoma, IDH-mutant.
On the other hand, TERT exhibits quite specific promoter
mutations in IDH-mutant oligodendroglioma but its deter-
mination requires a DNA sequencing approach not ubiqui-
tously available.”

With this project we first set out to determine mass
spectrometry (MS)-based protein patterns for oligo-
dendroglioma IDH-mutant and 1p/19g-codeleted and for
astrocytoma IDH-mutant. In a second step, we explored
the possibility of re-translating differences in these expres-
sion patterns to simple immunohistochemical tests for the
determination of 1p/19q status.

independent validation cohort 1p/19 status could be cor-
rectly assigned in more than 90% of all cases. Including
immunohistochemistry for ATRX increased the sensitivity
to 95%. Performance of the HIP1R/vimentin/ATRX ap-
proach could be confirmed in a second independent val-
idation cohort analyzed in another laboratory. Therefore,
immunohistochemistry for HIP1R, VIM, and ATRX has a
great potential to minimize the “not otherwise speci-
fied" diagnoses in IDH-mutant gliomas for which genetic
analyses are not available.

I
Materials and Methods

Tumor Series

Tumor tissues were obtained from the archives of the
Departments of Neuropathology and Neurosurgery at
the Heidelberg University Hospital and the Biobank of the
University Cancer Center (UCT), Institute of Neurology,
(Edinger Institute) at the University Hospital Frankfurt
Am Main. Tissue and data collection were performed in
consideration of local ethics regulations and approval.
Inclusion criterium was availability of an lllumina Infinium
HumanMethylation450 (450k) or Infinium Methylation EPIC
(850k) BeadChip-based copy number profile determined
in previous studies.®® An overview of the cohorts is pro-
vided in SupplementaryTable S1 (sample overview). All tu-
mors of the discovery cohort were evaluated and marked
for tissue extraction by a neuropathologist (DER) using
HE-stained sections.The tumors from 12 patients were rep-
resented in FF and FFPE discovery cohorts. Tumors from
all cohorts were reviewed by neuropathologists and inte-
grated diagnoses were given according to the WHO 2016
criteria.

Sample Preparation of FF and FFPE Tissue for
Mass Spectrometry

Starting from FF tissue we employed protocols including
pressure cycling technology for efficient tissue lysis and
rapid protein digestion.®'® Minimum tumor cell content
of 70% was ensured on frozen sections by microscopy
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followed by processing 2 mm? tumor tissue. Details are
provided in Supplementary Methods.

Starting with FFPE tissue suitable regions on the tissue
blocks where punched with 1.5 mm disposable biopsy
punches. The tumor core was transferred into a bead
tube (Bertin Technologies SAS, Montigny Le Bretonneux,
France) and further processed. Details are provided in
Supplementary Methods.

LC-MS/MS Acquisition by DDA-PASEF Mode

An Easy nLC 1200 (Thermo Fischer Scientific) system was
coupled online to timsTOF pro (Bruker Daltonics, Bremen,
Germany). Peptides (equivalent to 500 ng) were loaded
onto a 50 cm reversed-phase column with 75 um inner
diameter. Chromatography was performed at 60°C with
a flow of 400 nL/min on a binary buffer system. Mobile
phases A (0.1% formic acid (v/v)) and B (80/20/0.1% ACN/
water/formic acid (v/v/vol)) were used for low pH peptide
separation. Peptides were separated in a linear gradient
from 7.5% to 55% solvent B within 100 min.

The timsTOF pro was operated in data dependent par-
allel accumulation-serial fragmentation (DDA-PASEF)
mode. For a single TIMS-MS survey scan, 10 PASEF MS/
MS scans were acquired per topN acquisition cycle. lon ac-
cumulation and ramp time was set to 50 ms each and ion
mobility range from 1/K0 = 1.6 to 0.6 Vs cm~? was analyzed.
Mass range was set from m/z 100 to 1700. Details are pro-
vided in Supplementary Methods.

Peptide Identification and Data Analysis

The raw data were analyzed in the MaxQuant environment
(version 1.6.17.0) using default settings.” The data were
searched against the human Uniprot database (August
2018 release). Match between runs was enabled with de-
fault settings. Label-free quantification was performed
with a minimum ratio count of one. Postprocessing of
MaxQuant data output and statistical analysis were carried
out by R (version 4.0.4). Proteins identified in more than
90% of all oligodendroglioma or astrocytoma in the fresh
frozen or FFPE cohort were selected for further analysis.
The R-package “DEP” was used for normalization (var-
iance stabilizing normalization), missing value imputa-
tion (downshift imputation, shift = 1.5, scale = 0.5) and for
downstream differential expression analysis. Differential
expression was examined by the R-package “limma” and
Benjamini-Hochberg was used for FDR controlling of the
resulting p-values. TCGA data was obtained through the
R-Package curatedTCGAdata.’”> mRNA expression values
of VIM and HIP1R were log2 transformed and visualized in
boxplots according to 1p/19q codeletion status.

Immunohistochemistry Heidelberg

Immunohistochemistry was conducted on 5-um-thick
formalin-fixed, paraffin-embedded (FFPE) tissue sections
mounted on StarFrost Advanced Adhesive slides
(Engelbrecht, Kassel, Germany). Immunohistochemistry
was performed on a BenchMark Ultra immunostainer

(Ventana Medical Systems, Tucson, AZ, USA). Sections
were stained with anti-IDH1-R132H antibody H09 (Dianova,
Hamburg, Germany) as previously described.* For ATRX
(Clone BSB-108, Medac, Wedel, Germany, 1:2000), HIP1R
(ab140608, Abcam, Cambridge, UK, 1:200), and VIM
(GA63061-2, Dako, Jena, Germany, 1:300) staining detailed
protocols are provided in Supplementary Methods.

Immunohistochemistry Frankfurt

By use of a microtome (Leica SM 2000R, Wetzlar, Germany)
4 pm thin tissue sections were cut and mounted on
slides (Superfrost Plus, Thermo Scientific, Braunschweig,
Germany) for immunohistochemical stainings.
Immunohistochemical stainings against the antigens
Vimentin (dilution 1:300) and HIP1R (dilution 1:200) were
performed using established protocols for the LEICA
BOND-IIl automated stainer (Leica, Wetzlar, Germany).
Tissue sections were evaluated by two board certified
neuropathologists (PN.H., K.F).

Results

Proteomes from FF and FFPE Samples are
Comparable

In FF tissue, label free proteome quantification using DDA-
PASEF mode’ with a 2 h gradient (single shot) was per-
formed. This allowed peptide identifications averaging 26
830 (+2586) unique peptides corresponding to 5171 (+322)
proteins per sample by MS/MS. In total we identified 8220
proteins and 82 885 unique peptides in the FF cohort at an
FDR of 1% on the peptide and protein level.

In FFPE tissue, we identified 16 681 (x3549) peptides per
sample allotted to 3905 (x493) proteins resulting in a total
of 72 867 unique peptides and 7912 proteins for the cohort.
Pearson-correlations from the 12 matched pairs of FF and
FFPE tissues from the same tumor ranged from 0.7 to 0.87
(Figure 1B, C).

Differentially Abundant Proteins for Astrocytoma
and Oligodendroglioma

To identify significantly differentially abundant proteins
(DAP), astrocytoma and oligodendroglioma MS data were
compared for each tissue cohort. From patients with paired
FF and FFPE samples only FF samples were analysed to
prevent statistical inflation. Overall, we found 134 DAPs in
the FF cohort and 397 in the FFPE cohort (Supplementary
Table S1, online resource). 78 DAPs were found in both co-
horts (Figure 1A and SupplementaryTable S1).

ATRX was one of the most significantly differentially
abundant proteins between astrocytoma and oligo-
dendroglioma (Figure 1D, E). Additionally, highly signif-
icantly upregulated in oligodendroglioma in both the
FF and the FFPE cohorts were “Huntingtin Interacting
Protein 1 Related” (HIP1R), “Tripartite Motif Containing 67"
(TRIM67), “Seizure Related 6 Homolog Like” (SEZ6L), and
“low density lipoprotein receptor-related protein 4” (LRP4).
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Fig. 1.

Differential protein abundance analysis of astrocytoma and oligodendroglioma. (A) Venn diagramm depicting number of significantly

DAP in FF and FFPE tissue. Overlap shows the number of proteins which were significantly different in both cohorts. Pearson correlation analyses
between a matched pair of FF and FFPE of an astrocytoma (B) and an oligodendroglioma (C). Volcano plot of significantly differentially expressed
proteins (DAP) between astrocytoma and oligodendroglioma in FF (D) and FFPE (E) tissue. Blue dots represent proteins which were found either
in the FF or FFPE tissues exclusively, red dots represent proteins which were found consistently in both cohorts. Dashed lines represent threshold
for significance (P-value <.01) and log, fold change (1,5). (F): Hierarchical clustering of the FF (left) and FFPE (right) cohort using a subset of DAP
(top) and HIP1R and VIM (bottom) between astrocytoma and oligodendroglioma.
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Most significantly upregulated proteins in astrocytoma not
associated with 1p/19q localisation of their coding genes
were vimentin (VIM), synemin (SYNM), and tenascin C
(TNC).

HIP1R and VIM have an Inverse Abundance
Pattern in Astrocytoma and Oligodendroglioma

Unsupervised hierarchical clustering of all samples using
the protein abundances of just these top differentially abun-
dant proteins (HIP1R, TRIM67, SEZ6L, LRP4, VIM, SYNM,
TNC) excluding ATRX as already established marker, re-
sulted in a good separation of oligodendrogliomas and
astrocytomas (Figure 1F, top). The abundance patterns of
HIP1R, TRIM67, SEZ6L, and LRP4 on the one side and VIM,
SYNM, andTNC on the other side were largely overlapping.
We evaluated antibodies for immunohistochemical de-
tection of these proteins. However, for several proteins
no suitable antibodies were available (TRIM67), no satis-
factory immunohistochemical stains could be obtained
or several proteins provided largely redundant informa-
tion (e.g. VIM and TNC). HIP1R and VIM were chosen for
detailed analyses because these provided the most con-
sistent stains and clustering analyses using only abun-
dances of HIP1R and VIM showed a good separation of
oligodendrogliomas and astrocytomas (Figure 1F, bottom).
Remarkably, samples displaying inverse abundances of
HIP1R and VIM showed a strong tumor type association.
In fact, 37/38 tumors with a high abundance of HIP1R and a
low abundance of VIM were oligodendrogliomas and 38/39
tumors with high abundance of VIM and a low abundance
of HIP1R were astrocytomas. A small group of tumors
without reverse abundances of VIM and HIP1R consisted
of both astrocytomas and oligodendrogliomas. An inves-
tigation of mMRNA levels using independent data from the
TCGA database'? confirmed an inverse expression pattern
of HIP1R and VIM in IDH-mutant glioma with and without a
1p/19q codeletion (Figure 2). This suggested that the pres-
ence of an inverse abundance pattern of these proteins
could be useful as a biomarker.

Immunohistochemical Expression Patterns of
HIP1R and VIM

Based on staining tumors of the discovery cohort we de-
fined four immunohistochemical expression levels for
each, HIP1R (H0-3) and VIM (V0-3). HIP1R showed cyto-
plasmic as well as membranous positivity. Score HO was
given if tumor cells did not bind antibody or only a very
few cells were weakly labelled (HO, <10% are weakly pos-
itive). Score H1 represents cases where many tumor cells
were weakly positive and/or few cells were moderately
positive (H1, 10%-75% are positive with less than 30%
of tumor cells being strongly positive). Tumors of score
H2 showed >50% positive tumor cells with >30% being
strongly positive which however were not closely packed
and showed space in between. Alternatively, H2 score was
also given if just moderately positive tumor cells were
closely packed forming diffusely positive areas (~100%
are moderately positive). Score H3 tumors showed closely
packed, strong, and diffusely positive areas of tumor cells

with only vessels being negative (~100% are strongly pos-
itive). Representative examples and corresponding scores
for HIP1R are given in Supplementary Figure S1. IDH1-
R132H-mutant oligodendrogliomas exhibited binding of
HIP1R and IDH1-R132H antibodies in identical distribution
patterns, suggesting that HIP1R-expression was restricted
to tumor cells only (Supplementary Figure S2). Of note,
the tumor cell specificity of HIP1R clearly depended on the
antibody titration, since higher antibody concentrations
resulted in staining of nonneoplastic cells like endothelial
cells (Supplementary Figure S3).

In contrast, VIM was present in a broad range of cell
types. VIM antibodies invariably bound to vessels making
them suitable internal controls. VIM was also positive
in reactive astrocytes (IDH1-R132H negative) and lepto-
meningeal structures. For evaluation of VIM expression
immunoreactivity within the tumor was scored, however,
vascular signals were excluded. Separation of tumor de-
rived or reaction derived VIM expression appeared not to
be feasible.

Score VO was given if <10% of tumor cells were labelled
and only vessels or other nonneoplastic cells were posi-
tive. Score V1 represents tumors where 10%-20% of
(tumor) cells and several processes were labelled. In score
V2 about 20%-70% of (tumor) cells were labelled including
many processes but a fraction of >30% of tumor cells is
negative. Sometimes, a prominent star-like pattern of pos-
itive cells was present. Score V3 tumors showed moderate
or strong expression in >70% of the tumor cells resulting
in diffusely positive tumor tissue. Typical examples for VIM
expression are provided in Supplementary Figure S4. In
oligodendrogliomas with typical morphology, VIM asso-
ciated with mini-gemistocytes and sparse fibrillary pro-
cesses which could not be assigned to a specific cell body.

Tumor Type-specific HIP1R/VIM Expression
Patterns in the Discovery Series

Two independent observers evaluated the expression of
HIP1R and VIM expression patterns in the discovery series.
In general, oligodendrogliomas showed moderate or high
abundance levels of HIP1R (H2, H3) and absent (VO0) or low
(V1) levels of VIM expression. In contrast astrocytomas
commonly showed absent (HO) or low (H1) levels of HIP1R
but moderate (V2) to high (V3) levels of VIM (Figure 3).
Staining patterns for HIP1R and VIM in most cases were
homogenous, we also encountered intratumoral hetero-
geneity: In some samples we observed focal high HIP1R
coupled with low VIM expression contrasted by low HIP1R
and high VIM expression in other regions (Supplementary
Figure Sb). Restricting to tumors with heterogeneous
pattern and reaching an H2 score in any area, this phe-
nomenon was observed only in oligodendroglioma
1p/19g-codeleted. Frequently high VIM expression could
be attributed to infiltrated CNS tissue demonstrated by
lack of IDH1-R132H binding in infiltrated and reactive cells
(Supplementary Figure S6).

Following a two-tiered approach, all cases could be sys-
tematically evaluated: First, identifying cases with homog-
enous staining pattern and clear dominance of either HIP1R
or VIM expression. These represent the majority of all cases
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Fig.2. mRNA expression levels of IDH-mutant glioma. Top: Boxplots log, normalized expression values of VIM (left) and HIP1R (right) originating
from the TCGA database. High levels of VIM coding mRNA in IDH-mutant glioma without 1p/19 codeletion and low levels of VIM in glioma with
1p/19q codeletion are observed. Vice versa high levels of HIP1R coding mR NA are found in 1p/19q codeleted glioma and low levels of HIP1R in
glioma without 1p/19 codeletion. Bottom: Heatmap showing Z-scored expression values, samples were ordered by their 1p/19q status. Pairwise
comparison of z-scored expression values demonstrates that 1p/19q codeleted glioma exhibiting low levels of VIM and high levels of HIP1R. In
contrast glioma without 1p/19q codeletion exhibit high levels of VIM and lower levels of HIP1R.

which could be immediately attributed to oligodendro-
glioma and astrocytoma accordingly. Second, identifying
cases with heterogeneous staining pattern or ambiguous
expression of both markers. In cases with heterogeneous
staining patterns special attention was given to areas with
strongest HIP1R expression. If HIP1R expression in these
areas was stronger than VIM expression, these tumors
were scored oligodendroglioma. This means that focal
presence of a typical oligodendroglioma HIP1R-high/VIM-
low expression pattern was sufficient for classification as
oligodendroglioma irrespective of other tumor areas. For
example, even tumors with numerous VIM-positive mini-
gemistocytes being present focally, could be assigned as
oligodendrogliomas because other areas of the same tumor
presented with much less VIM expression.

In the minority of cases where the scoring results were
more ambiguous, direct comparison of the HIP1R and VIM
immunoreactivity at low magnification (10-20 fold) often
still revealed a predominant stain and the tumor was clas-
sified accordingly (Supplementary Figure S7). By conven-
tion in those cases the VIM score was adjusted to match
the impression of direct comparison, for example an initial
H2/V2 score was adjusted to H2/V1 if HIP1R predominated
and to H2/V3 if VIM predominated in direct comparison.
Predominance of VIM intensity prompted an astrocytoma
score, as long as no low-level VIM expression was present
in any area of the tumor. In cases with equal intensities no
decision was made (Figure 3, middle row). Due to the re-
ciprocal behaviour of both markers, the combination of
very low or very high expression in both markers, both of
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Fig.3. Examples of HIP1R/VIM immunohistochemistry for the classification of IDH-mutant glioma. Pairwise comparison of HIP1R (left side) and
VIM (right side) in astrocytomas (top 3) and oligodendrogliomas (bottom 3). (A-C) Astrocytomas with low-level HIP1R expression and high-level
VIM expression. (D) A nondeterminable oligodendroglioma with similar HIP1R and VIM staining intensities. (E-G) Oligodendrogliomas with
high-level HIP1R expression and low-level VIM expression. Check marks indicate determinable cases, cross indicates not-determinability. Black

line indicates a length of 60 pm.
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which are nondiagnostic, was not or only very rarely ob-
served. A graphical algorithm is provided in Figure 4.

HIP1R Expression Patterns in
Oligodendroglioma-mimics

In the light of the strong diffuse HIP1R positivity in
oligodendroglioma including those with a classic
“honeycomb”-morphology we wondered whether histo-
logical mimics of IDH-wt tumors show a similar staining

HIP1R/VIM scoring algorithm for the
classification of IDH-mutant gliomas

H2
V2

2/6 ATRX loss

H1

Vi1
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pattern. Remarkably, none of 10 IDH-wt tumors with
oligoid features (4 GBM-O, 2 clear cell ependymomas,
2 DLGNT, 1 PLYNT) analysed, showed the typical oligo-
dendroglioma HIP1R expression pattern. IDH-wt tumors
were either negative for HIP1R or showed a positivity
in which the perinuclear halos of tumor cells were com-
pletely or partly spared from HIP1R immunopositivity
contrasting oligodendrogliomas in which the perinuclear
halos displayed a strong diffuse cytoplasmic staining of
HIP1R (Supplementary Figure S8).

I i o
B -EEnr

HIP1R = VIM ‘-

Not determinable

Scores must match the impression of direct comparison at low magnification

*For oligodendroglioma, IDH-mutant and 1p/19q codeleted
focal presence of H3/H2 combined with VO/1 is sufficient

**For astrocytoma, IDH-mutant
no regions with VO/V1 are visible,
otherwise not determinable

Fig.4. Graphical algorithm for the classification of IDH-mutant glioma according to HIP1R/VIM immunohistochemistry. The HIP1R (H) level should be
evaluated first. If the H score is higher than the VIM (V) score the tumor is identified as oligodendroglioma. Note that focal presence of a moderate to
strong HIP1R level (H3/H2) in combination with low-level VIM (V0/V1) in the same area is sufficient for making this conclusion. If the VIM score is higher
than the HIP1R score the tumor is identified as astrocytoma, as long as there are no areas in the tumor with sparse VIM expression (V0, V1) as well. If
the HIP1R and the VIM levels are ambigous, the stains should be compared directly at low magnification. If HIP1R is clearly stronger, the tumor is iden-
tified as oligodendroglioma. If VIM is clearly stronger, the tumor is identified as astrocytoma. Similar expression levels of HIP1R and VIM in the tumor
are interpreted as not determinable. The distribution of HIP1R and VIM expression from the HD validation cohort (n=100; observer 1) is shown in the top
right corner and the fraction of samples with ATRX loss is noted on the bottom of every combination box.
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Validation of HIP1R/VIM/ATRX
Immunohistochemistry as Surrogate for 1p/19q
Status in IDH-Mutant Glioma

Two independent neuropathologists scored HIP1R and
VIM immunohistochemistry in an independent series of
50 oligodendrogliomas and astrocytomas (HD valida-
tion cohort) each blinded for the histological diagnosis,
the 1p/19g- and ATRX-status. Based on the established
algorithm (Figure 4) observer 1 called 46/50 (sensitivity
92%) oligodendrogliomas and 45/50 (90%) astrocytomas
with 100% specificity. 9 cases remained undetermined.
Observer 2 identified 47/50 (sensitivity 94%) as oligo-
dendroglioma and 47/50 (sensitivity 94%) tumors as
astrocytoma with 100% specificity while 6 cases remained
undetermined (positive and negative predictive value as
well as accuracy 100%). The interobserver concordance
was high with 91/100 of the calls being identical. Observer
1 called 3 tumors correctly which were undeterminable
for observer 2 and observer 2 called 6 tumors correctly
which were undeterminable for observer 1. As all calls
were correct the interobserver variance occurred only be-
tween correct entity calls and calls as nondeterminable
(Supplementary Table S2, online resource). Excluding
ATRX immunohistochemistry from the analysis proved
the HIP1R/VIM based algorithm to be very powerful on its
own. By including loss of ATRX as marker for astrocytomas
observer 1 identified 4 further cases as astrocytoma and
observer 2 identified 2 further cases as astrocytoma. The
sensitivity of a HIP1R/VIM/ATRX triple-marker approach
was 98% for astrocytomas and 95%-96% for the whole
series, all with 100% specificity.

Similar to the discovery set, the validation set demon-
strated the reciprocal intensity of staining patterns of
HIP1R and VIM in oligodendroglioma and astrocytoma.
Combinations with low scores on both sides exhibiting
HO/V0, HO/V1, H1/VO, and H1/V1 scores occurred in only
3 patients and the combination with high scores H3/V3
was not encountered at all. The distribution of HIP1R and
VIM expression in the HD validation series is given in
Supplemental Table S2.

Finally, to evaluate the reproducibility of our approach
in a different laboratory, a second independent cohort was
analysed by the neuropathology Frankfurt (Frankfurt vali-
dation cohort). Immunohistochemistry for HIP1R and VIM
was established according to the Heidelberg protocol using
the identical antibodies at the Frankfurt site. Two neuro-
pathologists not involved in the analyses of HD cohorts,
scored an independent series of 69 IDH-mutant gliomas
(42 astrocytomas, 27 oligodendrogliomas). Correctly
called were 26/27 (sensitivity 96%) oligodendrogliomas
and 32/42 (sensitivity 76%) astrocytomas. 5 astrocytomas
were falsely called as oligodendrogliomas and 6 cases re-
mained undetermined (positive predictive value for 1p/19q
codeletion 83%; negative predictive value 100%; accu-
racy: 92%). Loss of ATRX correctly revealed 35 cases as
astrocytomas (83% sensitivity; 100% specificity) including
3 previously nondeterminable cases and the 5 falsely
called tumors. Considering loss of ATRX as the superior
astrocytoma marker the triple ATRX/HIP1R/VIM approach
reached a sensitivity of 96% and a specificity of 100% in the
Frankfurt cohort (SupplementaryTable 2).

Discussion

Improvement of diagnostic approaches aims at high sensi-
tivity, high specificity, and simplicity. The latter may require
complex intermediate steps ultimately leading to straight
forward procedures.

Proteomic Profiling of IDH-mutant Gliomas

LC-MS/MS identified protein patterns highly specific for
astrocytoma, IDH-mutant, and oligodendroglioma, IDH-
mutant, and 1p/19g-codeleted. Pearson correlation showed
high concordance of results from FF and FFPE tissues
demonstrating reproducibility and suitability of FFPE material
for LC-MS/MS analyses. Higher DAP count in the FFPE material
was attributed to the larger size of the FFPE cohort. High ex-
pression differences and ability to separate the entities by un-
supervised clustering prompted focus on three of the 78 DAP.

DAP as Candidates for Immunohistochemistry

ATRX is well established for its loss of expression in IDH-
mutant astrocytoma. In both FFPE and FF based analyses,
ATRX indeed emerged as highly differentially abundant
with low protein abundances in astrocytomas (Figure 1D, E).
VIM is an intermediate filament commonly expressed
in astrocytic brain tumors.*'® VIM has already been found
in earlier proteomic studies to be downregulated in oligo-
dendroglioma.'® Of note, most of these studies fall in the pre-
IDH era. A recent study revisited VIM expression patterns with
molecularly defined tumors and suggested it as a biomarker
for distinguishing oligodendroglioma from astrocytoma."”
HIP1R was identified as a relative of huntingtin-interacting
protein 1 (HIP1)."® HIP1 is abundantly present in several dif-
ferent tumor types and has transforming activity in vitro."
While this is not reported for HIP1R there seems to be at
least some functional overlap with HIP1, both being in-
volved in receptor tyrosine kinase stabilisation and endo-
cytosis.? Consistent with our results, HIP1R was recently
found downregulated in astrocytomas compared to
oligodendrogliomas on the mRNA level in a gene expression
meta-analysis of histology-defined low-grade gliomas.?'

Potential of ATRX, HIP1R, and VIM
Immunohistochemistry for Predicting
1p/19q Status

Nuclear loss of ATRX expression is observed in 87%-95% of
supratentorial IDH mutant astrocytomas and is a strong indi-
cator for 1p/19q wildtype status.??%Thus, forWHO conforming
diagnosis determination of 1p/19q status is required for about
10% of astrocytomas and for all oligodendrogliomas.
Combined ATRX, HIP1R, and VIM immunohistochemistry
in the discovery and two validation series allowed identifi-
cation of astrocytomas IDH-mutant and oligodendrogliomas
IDH-mutant and 1p/19-codeleted with high sensitivity and
perfect specificity. Codeletion of 1p/19q was not seen in
the astrocytomas but present in all oligodendrogliomas.
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Thus, the combination of ATRX, HIP1R, and VIM
immunohistochemistry could clearly predict 1p/19q status.
HIP1R/NVIM and ATRX complemented each other. From col-
lectively 94 cases with retained or undeterminable ATRX
analyzed in this study, 86 (91%) could be correctly classi-
fied by HIP1R/VIM. The Frankfurt cohort revealed a small
risk of misclassifying astrocytomas as oligodendrogliomas
by HIP1R/VIM alone. All of these were high-grade tumors,
for which the Frankfurt cohort was strongly enriched.
Importantly however, combined evaluation with ATRX min-
imizes the risk for misinterpretation. A rational approach
for the usage of these markers for the classification of IDH-
mutant gliomas will therefore start with ATRX. In case of a
nuclear ATRX loss the case can be classified as astrocytoma.
In case of a retained of unevaluable ATRX status, HIP1R/VIM
will allow classification of 90% of the remaining cases either
as oligodendroglioma or astrocytoma (Figure 5).

Current standard approaches to 1p/19q status determina-
tion include FISH, MLPA, NGS-sequencing, and array-based
analyses. While both, NGS sequencing and array approaches
are highly suitable, this technology is not widely available for
diagnostic routine. Most frequently employed is FISH anal-
ysis limited for its inability to differentiate between segmental
deletions and whole arm deletions.> The estimated false-
positive FISH 1p/19q codeletion rate is reported to be 3.6%.2*

Other Surrogate Markers for 1p/19g
Codeletion Status

Strong and diffuse staining of p53 has been suggested
by cIMPACT -NOW 2 to be used in a similar fashion as
ATRX loss and as sufficient to exclude 1p/19q deletion.?®

According to WHO 2021, p53 accumulation “supports” the
diagnoses of astrocytoma and is listed as a desirable fea-
ture. However, only the loss of ATRX is listed as an essen-
tial criterion being sufficient on its own to substitute 1p/19q
exclusion in IDH-mutant glioma.

Only a few surrogate markers have been previously sug-
gested for the identification of oligodendroglioma, none of
which is accepted by the WHO. INA has been suggested as a
positive marker for 1p/19g-codeleted oligodendroglioma??’
but results of different studies showed limited specificity.26:28-30
Of note, the LC-MS/MS results of the present study also
showed an increased abundance of INA in oligodendrogliomas
which however did not reach statistical significance.

Reduced amounts of H3K27me3 frequently associated with
an immunohistochemical lack of H3K27me3 (using monoclonal
antibody C36B11) has been demonstrated to occur in the vast
majority of oligodendrogliomas.?'# Its usefulness as a surro-
gate marker for 1p/19q codeletion is limited by a notable fraction
of astrocytomas similarly displaying lack of H3K27me3, a re-
ported selectivity for IDH1-R132H mutant oligodendrogliomas
and an intra-laboratory variability of results.333*

However, in a resource limited set-up and for cases
which remain undeterminable by HIP1R/VIM/ATRX
immunohistochemistry, p53 and H3K27me3 may represent
valuable additional markers.

Limitations and Caveats

Molecular analyses are the gold standard for 1p/19q deter-
mination and are mandatory in ambiguous cases. In prin-
ciple, interpretation of immunohistochemical results always
has to consider the possibility of artificial results. To this end

Diffuse, IDH-mutant glioma

>
=
2
: .ﬂ_
Q
L
Q
<]
S
Q2
=
[]
c
=]
£
E
R
s 8 No codeletion Codeletion
O >
Kt
O C
= ©
k)
[7]
[]
c
8
[a]

Fig.5. Flowchartforthe efficient use of ATRX and HIP1R/VIM for the classification of IDH-mutant gliomas. Tumors with nuclear loss of ATRX can be clas-
sified as astrocytoma. Tumors with retained or nondeterminable ATRX status are evaluated with HIP1R/VIM immunohistochemistry. VIM > HIP1R tumors
are classified as astrocytomas, VIM < HIP1R are classified as oligodendrogliomas. VIM = HIP1R tumors need molecular 1p/19q testing for classification.
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we strongly recommend the use of on slide controls with
known HIPTR/VIM expression levels. Careful establishing
the immunohistochemical stains including possibly neces-
sary adaptions to the local technique will be critical for an
optimal dynamic range and successful application of the
method. We do not recommend the usage of HIP1R or VIM
as single markers as only the combined evaluation of HIP1R/
VIM reaches a high degree of specificity which can be fur
ther enhanced by ATRX. The immunohistochemical patterns
identified here base on solid tumor tissues only. While in-
filtration zones with a high percentage of tumor cells may
still provide informative results in many cases, the perfor-
mance of the approach is expected to decline significantly
with a decreasing tumor cell content. Representative tumor
tissues such as those obtained during a tumor resection is
another prerequisite for accurate interpretation of HIP1R/
VIM stains. The approach is intended for conventional
IDH-mutant gliomas only because the recently character-
ised rare variant oligosarcoma, IDH-mutant does not show
the same HIP1R/VIM expression patterns as conventional
oligodendrogliomas despite harbouring 1p/19q codeletion.®®

Conclusions

LC-MS/MS is a powerful approach for identifying and
quantifying protein prevalence in FFPE brain tumors and
can serve as a tool for recognizing diagnostic protein
patterns. We demonstrate that the combination of three
immunohistochemical tests predicts 1p/19q status with
high sensitivity and specificity. Our approach reduces the
technical complexity for assessing this parameter relevant
for WHO diagnosis of IDH-mutant glioma.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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