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Abstract
Purpose Resection of high-grade gliomas has been considerably improved by 5-aminolevulinic acid (5-ALA). However, 
not all neurobiological properties of 5-ALA are fully understood. Specifically, potential differences in immune infiltration 
have not been conclusively examined, despite recent reports that immune cells might play a role. Thus, we here provide a 
systematic mapping of immune infiltration of different 5-ALA fluorescence levels.
Methods Tumor-associated macrophages (CD68, CD163), cytotoxic T cells (CD8), and regulatory T cells (FoxP3) were 
quantified via three methods. First, data from The Cancer Genome Atlas (TCGA) of 172 patients was examined for correla-
tions between 5-ALA fluorescence-related mRNA expression signatures and immune markers. Second, as classical histology, 
508 stained slides from 39 high-grade glioma patients were analysed semi-quantitatively by two independent reviewers, 
generating 1016 data points. Third, digital image analysis was performed with automated scanning and algorithm-based 
cell quantification.
Results TCGA mRNA data from 172 patients showed a direct, significant correlation between 5-ALA signatures and immune 
markers (p < 0.001). However, we were not able to confirm this finding in the here studied initial set of 39 patient histolo-
gies where we found a comparable immune infiltration in different fluorescence levels. Digital image analysis correlated 
excellently with standard histology.
Conclusion With mapping the immune infiltration pattern of different 5-ALA categories, we are adding fundamental basic 
insights to the field of 5-ALA and glioma biology. The observation that a significant correlation in TCGA data did not fully 
translate to detectable differences in immune infiltration in first histology data warrants further investigation in larger cohorts.
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Introduction

High-grade gliomas are the most common and aggressive 
malignant brain tumors [1]. Standard-of-care usually starts 
with maximal safe resection, i.e. fluorescence-guided surgery 
where 5-aminolevulinic acid (5-ALA) is used as a powerful 
intraoperative tool [2, 3]. 5-ALA accumulates in malignant 
tumor tissue where it is metabolized to Protoporphyrin IX 
(PpIX), shows visible reddish fluorescence under blue excita-
tion light (400–440 nm) and leads to a more effective resection 
and thereby positively impacts survival [2, 3]. Several aspects 
of the underlying neurobiology as well as clinical implica-
tions of 5-ALA have been elucidated over the last years. For 
instance, intratumoral regions such as the necrotic core or the 
peripheral part of the infiltration zone show weak or no vis-
ible 5-ALA fluorescence even though they harbour tumor cells 
[4]. Or, for example, areas with strong 5-ALA fluorescence 
represent compact tumor regions with high cellularity, mitotic 
activity, microvessel density and presumably high aggressive-
ness [5–7]. However, at present, several fundamental facts of 
5-ALA biology are not established. Most surprisingly, the 
immune infiltration pattern of regions with different 5-ALA 
fluorescence levels have not been conclusively established, 
despite recent reports that immune cells might be related to 
fluorescence [8].

In this paper, we provide a first investigation of immune 
infiltration in regions of different 5-ALA fluorescence levels. 
We focus on the crucial markers CD8, CD68, CD163 and 
FoxP3. CD8 is a marker for cytotoxic T cells which play an 
important role in the killing of malignant cells [9]. CD68+ and 
CD163+ cells identify macrophages and in line with that also 
tumor-associated macrophages (TAMs), which are known to 
be present in high numbers in glioblastomas [9–12]. FoxP3 
represents regulatory T cells that act as immune response sup-
pressors [9, 13]. For the quantification of these cell types, three 
complementary methods are combined to gain a firm under-
standing of the immune cell infiltration landscape: In-silico 
analysis of The Cancer Genome Atlas (TCGA) data sets was 
used to derive a first hypothesis about the interdependence of 
5-ALA fluorescence and immune cells. Conventional micros-
copy analysis of histological slides with semi-quantitative 
assessment by two independent reviewers was subsequently 
performed. And finally, automated digital image analysis and 
immune cell detection were added.

Methods

TCGA data analysis

172 patients with available mRNA expression data were 
retrieved from the two largest available glioblastoma datasets 

of TCGA. Data were retrieved via the UCSC Xena system 
on 03/04/2021. Then, 5-ALA fluorescence-associated gene 
expression signatures were applied to this dataset. In detail, 
as a proxy for 5-ALA fluorescence, gene expression sig-
natures with known relation to 5-ALA fluorescence were 
defined based on literature data by Smith et al. and Kim 
et al. [14, 15]. For the dataset by Smith et al. 77 genes that 
were at least 2-fold up-regulated in 5-ALA positive samples 
were combined into a signature. For the dataset by Kim et al. 
again at least 2-fold up-regulated genes were used, leading 
to a signature comprising 36 genes. Both signatures were 
tested for a potential correlation with the chosen immune 
markers CD8, CD68, CD163 and FoxP3. Pearson correlation 
coefficients were calculated and regression lines plotted for 
visualization (GraphPad Prism version 9.3.1.).

Sample acquisition

We selected 39 patients with resection of a high-grade gli-
oma (CNS WHO grades III and IV) at the Department of 
Neurosurgery, Medical University of Vienna and preopera-
tive 5-ALA administration from our 5-ALA tissue bank in 
analogy to previously established protocols [16]. Patients 
were included if there was at least one 5-ALA negative sam-
ple and at least one 5-ALA positive sample and if there was 
sufficient material available (formalin-fixed, paraffin-embed-
ded tissue blocks, FFPE). For every sample, the specific 
5-ALA status as documented during surgery was retrieved. 
The fluorescence had been rated by the surgeon as strong, 
weak or negative, or alternatively simply as positive or nega-
tive. In cases where no further specification of the fluores-
cence intensity had been made by the surgeon (positive), the 
fluorescence intensity was deemed positive but unspecified 
for the purpose of this study. Solely FFPE blocks with his-
topathologically confirmed tumor infiltration were chosen. 
Overall, we included 128 FFPE blocks. The samples were 
collected following local regulations and the study had been 
approved by the Ethical Committee of the Medical Univer-
sity of Vienna (EK 419/2008 and 2265/2019).

Immunohistochemistry

FFPE blocks were cut into 3 μm thick sections and stained 
on a Dako autostainer system with the following antibod-
ies: CD8 (1:100, Dako Cytomation, M7103), CD68 (1:5000, 
Dako Cytomation, M0814) and CD163 (1:1000, Novocas-
tra, NCL-L-CD163). After standard deparaffinization with 
xylene and alcohol, the slides were treated with a sodium 
citrate solution (pH 6.0) at 95 °C for 20 min to retrieve the 
antigens, and incubated with the mentioned antibodies for 
30 min at room temperature. The Dako detection system 
(FLEX + Mouse, K8002) was used accordingly. Fox P3 
(1:25, BioLegend, 320,116) was stained with an automated 
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Ventana BenchMark staining system and the UltraView Uni-
versal DAB detection kit (760−500). Counterstaining of all 
sections was done manually with hematoxylin.

Conventional histopathological analysis of stainings

The analysis of the stainings was performed via standard 
brightfield microscopy. All slides were semi-quantitatively 
analysed by two independent reviewers, in analogy to well-
established protocols [17, 18]. The distribution density of 
immune cells was graded in the following categories: one 
(negative), two (sparse), three (moderate) and four (dense). 
All analyses were supervised by the board-certified neuro-
pathologist Dr. Adelheid Wöhrer.

Digital image analysis via QuPath

Computer-based scanning and automated quantification was 
performed with QuPath version 0.3.2. Individual thresholds 
for each antibody staining were set based on quality con-
trol stainings to obtain a clear distinction between stained 
immune cells and nuclei of other cells.

Statistical analysis

Measured values were arranged according to immune cell 
marker or vice versa according to 5-ALA fluorescence inten-
sity. For both complementary comparison approaches, statis-
tical testing via ANOVA was performed. Pearson correlation 
was used for assessing the relation between machine and 
human measurements. For comparison of two mean values, 
two-sided T testing was used. p values of less than 0.05 were 
considered significant. GraphPad Prism version 9.3.1. was 
the statistical software used.

Results

TCGA analysis showed a direct and significant 
correlation of 5‑ALA fluorescence‑associated mRNA 
signatures with immune cell markers

As the initial step of investigating the immune cell infil-
tration pattern in different 5-ALA fluorescence levels, we 
performed an in-silico analysis based on TCGA data (Fig. 1, 
n = 172 patients). As a proxy for observable 5-ALA fluores-
cence, we used two previously published mRNA signatures 
that had shown a direct association with a fluorescent phe-
notype [14, 15]. Both signatures were tested for a potential 
correlation with the four immune cell markers CD8, CD68, 
CD163, FoxP3 in the two largest available TCGA datasets. 
As main result we found that CD68 and CD163 mRNA lev-
els correlated significantly with the signature by Kim et al. 

and all four immune markers correlated significantly with 
the signature by Smith et al. (Fig. 1).

508 stained slides—5‑ALA positive and ‑negative—
from 39 high‑grade glioma patients were analysed 
via classical histology

Next, we aimed at substantiating these preliminary TCGA 
findings with original biological data. For that, we retro-
spectively recruited a cohort of patients with radiologically 
suspected glioblastomas. We could include 39 patients 
with a high-grade glioma into the study (see Supplemen-
tary Table). As per the original classification at the time 
of surgery (2012–2019) 35 of them had a glioblastoma as 
final diagnosis, two a WHO III high-grade glioma and two 
a WHO III glioma with transition to glioblastoma. Accord-
ing to the current 2021 WHO classification the IDH status 
is the decisive criterion. IDH status was known in 37 cases. 
The vast majority of all patients were IDH-wildtype glio-
blastoma (95%, i.e. 35/37). 18 patients (46.2%) were female 
and 21 were male (53.9%). The average age at surgery was 
59.6 years. On average, 3.28 samples were retrieved per 
patient, amounting to a total of 128. Of these, 52 (40.6%) 
were from tumor regions with no visible fluorescence (i.e. 
negative), 24 (18.8%) with weak, 34 (26.6%) with strong and 
17 (13.3%) with positive but unspecified fluorescence (i.e. 
without further indication of the intensity of the positivity). 
One sample had no information on 5-ALA fluorescence, due 
to missing data in the histopathological file. All 128 samples 
were each stained for the four immune cell markers CD8, 
CD68, CD163 and FoxP3, leading to an overall amount of 
512 stained samples of which four had to be discarded as 
they did not pass staining quality control and 508 were then 
used for investigation. With two assessors, a total of 1016 
single data points were generated and formed the basis for 
the subsequent statistical analysis. Interrater agreement was 
excellent (Supplementary Figs. 1 and 2).

Across all histology samples, CD68 and CD163 cells 
were most abundant

As the first main analytic step, we investigated the general 
observed immune cell intensity (Fig. 2) across all samples, 
hence without any distinction according to the 5-ALA fluo-
rescence levels.

We registered that in the vast majority of investigated 
samples immune cells were present. When interpreting the 
scored intensity as a numerical value, we observed that 
CD68 showed the overall highest intensity, followed by 
CD163 (Supplementary Fig. 3). Hence, both markers that 
identify TAMs had the generally highest average score. As 
opposed to that, CD8 and finally FoxP3 showed generally 
lower average scoring intensities (Supplementary Fig. 3). 
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Fig. 1  TCGA analysis of corre-
lations between 5-ALA-related 
gene expression signatures and 
the respective immune cell 
markers. The 5-ALA-related 
signature was derived from 
two previous studies, i.e. was 
based on data by Kim et al. 
and by Smith et al. (n = 172 
patients). X and Y axis show 
log-transformed normalized 
mRNA expression data in log2 
(norm_value+1)
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For both assessors, this difference in the immune cell pattern 
was highly significant (p < 0.0001).

In 5‑ALA negative and positive high‑grade glioma 
samples the immune cell infiltration pattern 
seemed the same as per classical histology

As major next part of the analysis, we assessed whether 
any difference in the immune cell infiltration pattern could 
be detected in samples with different 5-ALA fluorescence 
levels. We observed that the distribution pattern looked the 
same for 5-ALA negative as well as 5-ALA positive sam-
ples (Supplementary Fig. 4, assessor A). For CD8 the most 
frequent intensity across all categories was sparse (70.6%). 
For CD68 it was dense (67.7%) and for CD163 the two most 
frequent intensities were sparse (46.5%) and dense (36.2%). 
FoxP3 then showed sparse as the most frequent finding for 
all categories (53.2%). For assessor B the findings were 
equal (Supplementary Fig. 5).

To fully and comprehensively evaluate potential differ-
ences between fluorescent and non-fluorescent samples, we 

also investigated the exact fluorescence levels (negative, 
weak, positive but without further specification and strong). 
Again, intensity scores were interpreted as numerical values 
for that analysis. As a result, we observed that in all four 
5-ALA fluorescence level categories the overall picture was 
the same, hence showing an obvious invariance with respect 
to 5-ALA (Fig. 3, assessor A): CD68 and CD163 had the 
highest score, followed by CD8 and FoxP3. This finding was 
highly significant for all categories (p < 0.0001). For asses-
sor B the overall picture was similar (Supplementary Fig. 6).

Further, to validate this observation from the compli-
mentary statistical angle, we assessed potential differences 
between 5-ALA fluorescence levels via organizing the data 
according to single immunological markers and plotting 
the attributed intensities for the respective 5-ALA fluores-
cence levels (Fig. 4). Here, for all markers, no statistically 
significant difference could be registered between the vari-
ous 5-ALA fluorescence levels, which directly validates the 
above made observations. Data shown is from assessor A. 
The results for assessor B were the principally the same—
with one single exception, namely CD163 where a minor 
variation was registered (Supplementary Fig. 7).

Fig. 2  Illustration of the semiquantitative immune cell frequency 
metric used by the two human assessors. “Negative = 1” shows a slide 
with negative FoxP3 staining. “Sparse = 2” shows a slide with CD8 

staining. “Moderate = 3” shows a slide with CD163. “Dense = 4” 
shows a slide with CD68
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Quantitative automatic digital pathology correlated 
well with the classical human histopathological 
analysis

Finally, to further substantiate the hitherto made findings, 
we completed the investigation with a quantitative auto-
matic digital pathology analysis [19]. For that purpose, all 
available slides were fully scanned, digitized and a human-
independent algorithm detected all individual cells on the 
slide and identified the number of cells positive for the 
respective marker under investigation (Fig. 5a, b). In an 
initial assessment of general reliability, we tested for an 
overall correlation of the machine-made findings and the 
prior human-made observations. In that regard we found a 
strong and highly significant correlation between the two 

modes of histopathological scoring (p < 0.0001, Fig. 5c, 
assessor A).

Quantitative automatic digital pathology equally 
concluded that 5‑ALA fluorescence levels show 
a comparable immune cell invasion pattern 
in the histology samples under investigation

As a last step of the investigation, we analysed the auto-
matic measurements made by the software with respect to 
the different 5-ALA fluorescence level categories (Sup-
plementary Fig. 8). Again, as was the case in the prior 
analyses, it was evident that CD68 and CD163 had the 
overall highest abundance across all samples—and that 
with a considerably high degree of statistical significance 

Fig. 3  Comparison of the immune cell density for different 5-ALA 
fluorescence levels. Again, TAM markers (CD68, CD163) have the 
highest values and they are consistently higher than the markers for 

cytotoxic T cells (CD8) and regulatory T cells (FoxP3). ANOVA sta-
tistical analysis was applied for significance testing
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(p < 0.0001, Supplementary Fig. 8). Subsequently, when 
splitting the data into the respective 5-ALA fluorescence 
level categories, it was registered that CD68 and CD163 
showed the highest frequency in 5-ALA negative, weak 
and strong samples. For the category 5-ALA positive but 
unspecified, interestingly, only CD68 had the highest count 
but not CD163. All these findings were highly significant 
(Supplementary Fig. 8, p < 0.0001).

Again, no statistically significant difference in 
the immune cell intensity could be found from the 

complementary statistical angle, i.e. when comparing the 
5-ALA categories (Supplementary Fig. 9).

Discussion

In this study, we performed a systematic analysis of the 
immune cell infiltration pattern of high-grade glioma tissue 
with respect to different 5-ALA fluorescence levels.

Fig. 4  Statistical comparison of 5-ALA fluorescence levels an immune cell intensities, an analysis complementary to Fig. 5. No statistical dif-
ference was seen in the immune cell intensity between the various 5-ALA levels. ANOVA statistical analysis was applied for significance testing
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5‑ALA fluorescence levels: previous lack 
of information on immune cell infiltration pattern

In terms of 5-ALA biology several essential observations had 
previously been made. Lau et al. showed that high-intensity 
fluorescence areas correspond to cellularity but that lack of 
fluorescence does not rule out the presence of tumor cells [5]. 
Bonnin et al. reported that fluorescence has a distinct gene 
expression, where non-fluorescent samples were consistent 
with the neural glioblastoma subtype [20]. Kim et al. per-
formed quantitative functional proteomics and metabolomics 
and observed that low NADPH driven by low glutaminase 2 
expression is a cause for protoporphyrin IX enrichment [15]. 
Ross et al. showed that infiltrating tumor margins with low 
fluorescence express anti-apoptotic and pro-survival pro-
teins [4]. Smith et al. added that invasive glioblastoma areas 
have an altered stemness profile [21]. Likewise, Smith et al. 
recently developed 5-ALA based fluorescence-activated cell 
sorting and used it to further characterize isolated invasive 
glioblastoma cells [14]. Furthermore, in own previous work 
we observed that fluorescence intensity is coupled to histo-
logical parameters like mitotic activity, nuclear polymorphism, 
necrotic areas, microvessel density and tumor cell prolifera-
tion activity [6]. However, a comprehensive mapping of the 
immune cell infiltration pattern in samples with different 
5-ALA fluorescence levels was still missing so far.

Present work: mapping high‑grade glioma immune 
infiltration to 5‑ALA fluorescence levels

We now closed that knowledge gap and established the 
immune cell infiltration pattern of different 5-ALA fluores-
cence levels. As a first observation, we registered that TAMs 
were generally the most abundant population. This was to be 
expected as prior research work by others has already firmly 
concluded that they seem to be the dominant population in 
glioblastoma [12, 22, 23]. By some accounts, they can make 
up 30% of the total tumor mass, in rare cases even 50% 
[24, 25]. In our research, when we performed automated 
cell counting, we found around 15% TAMs (Supplemen-
tary Fig. 8). This refers to the marker CD68. For the marker 
CD163 we observed markedly lower levels of around 5%. 
Given that glioblastoma is often regarded as an “immuno-
logically cold” tumor [26], it has to be assumed that the 
here registered TAMs create an immunosuppressive milieu 
(especially in this treatment-naïve setting where no specific 
additional attraction of tumor-infiltrating lymphocytes has 
apparently occured).

As the main finding of this paper, we registered that 
the immune cell infiltration pattern was significantly cor-
related with 5-ALA intensity signatures in TCGA data but 
was virtually the same in all different 5-ALA fluorescence 
levels (negative, weak and strong) in the histology sam-
ples. In the course of standard histology measurement we 

Fig. 5  Illustration of the automated digital pathology cell identifica-
tion and quantification. a View of the full slide in one frame. b Detail 
view showing how single cells are segmented and identified. c Cor-

relation analysis of all measurements made by a human assessor and 
made by the algorithm (QuPath). The correlation is highly significant
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did consistently register TAMs as the most frequent popu-
lation, and we cross-validated this by complementary sta-
tistical testing. Conventional semiquantitative assessments 
as well as automated cell type scoring showed comparable 
results. For none of the markers, a difference in 5-ALA fluo-
rescence levels was registered. The variance among immune 
cells—e.g. TAMs most abundant and regulatory T cells least 
abundant—was similar for all 5-ALA levels and is probably 
driven by biological factors like the specific immune milieu 
found in the tumor. In other words, an apparent invariance 
of immune populations with respect to 5-ALA was regis-
tered. One minor exception was CD163 as measured by 
assessor B where a slightly lower value was attributed to 
the few 5-ALA positive but unspecified samples (where the 
fluorescence intensity had not been further specified by the 
surgeon)—which we regard as an outlier.

Altogether, even though TCGA data did not readily trans-
late into detectable differences in our histology cohort, it 
can still be credibly concluded that tumor areas with strong 
5-ALA fluorescence seem to have more intense immune 
infiltration (TCGA data) or at least similar immune infil-
tration as other tumor regions (histology data)—bearing in 
mind the usual caveats of statistical testing and further limi-
tations (see below).

Another major learning from this study is the feasibil-
ity and reliability of automated, digital image analysis. We 
here provide a strong argument for expanding its use. High 
throughput methods like the one used here could be a valu-
able addition to classical human analysis or could pave the 
way for standardization of immune cell quantification.

Limitations

Certain limitations must be taken into account. The data 
presented is from only one institution and even though 
the sample size is considerable, it would make sense to 
add another cohort from another institution to confirm our 
current findings. This is especially true when considering 
the apparent disconnect between TCGA results and histol-
ogy results, that could probably be driven by the relatively 
smaller sample size of the histology cohort. Alternatively, 
the obvious discrepancy between TCGA and histology 
might be traced back to fluorescence measurement chal-
lenges, like the potentially minor nature of the actual dif-
ferences between the fluorescence classes – making them 
undetectable. Similarly, it could be attributed to the lack of 
a clear-cut classification of the fluorescence from the sam-
ples. Therefore, for future research, it would be advisable to 
use truly quantitative fluorescence measures during surgery 
like spectroscopic probes that have recently been introduced 
[27]. What is more, despite our targeted selection of the most 
important immune cells to measure, we could only cover a 

subset of all immune populations found in gliomas. Further 
continuative studies could e.g. include myeloid-derived sup-
pressor cells or could better sub-characterize immune cells 
(e.g. M1 versus M2 TAMs).

Conclusions

With the work performed here, we provide a first mapping 
of high-grade glioma immune infiltration to 5-ALA fluores-
cence levels via three complementary technologies—TCGA 
data computation, classical histology, and digital image 
analysis. Tumor areas with strong 5-ALA fluorescence seem 
to have more intense immune infiltration (TCGA data) or 
at least similar immune infiltration as other tumor regions 
(histology data). Sample size and subjective assessment of 
5-ALA fluorescence by the surgeon could be drivers why a 
significant correlation in TCGA data did not readily translate 
to detectable differences in histology data.

Further, independently of 5-ALA intensity, we generally 
confirm that TAMs are the dominant population in high-
grade gliomas and that T cells are less frequent. And finally, 
with the work done here, we illustrate the usability of high-
throughput digital image analysis in immunooncology.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11060- 023- 04406-3.
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