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Abstract
Fluorescence guidance is widely utilized to improve the precision of cancer surgery. 5-aminolevulinic acid,
the most widely used �uorophore in glioma surgery, is thought to cause selective accumulation of
�uorescent protoporphyrin IX (PpIX) in tumor cells. 5-aminolevulinic acid is highly speci�c for densely
tumor-in�ltrated tissue but less effective for visualizing the tumor periphery. To improve clinical detection
of PpIX, we developed a microscope to perform paired stimulated Raman histology and two-photon
excitation �uorescence microscopy (TPEF) and validated it in 175 fresh tumor specimens from 75 high-
grade glioma patients across three institutions. Here, we demonstrate that intracellular PpIX
accumulation occurs most prominently in histiocytic, rather than neoplastic, appearing cells. Spatially
resolved metabolomics, transcriptomics and RNA sequencing revealed that PPIX is most avidly
concentrated in tumor associated macrophages. There was no correlation between the degree of tissue
cellularity and PpIX concentration across all imaged specimens (R=-0.21). Our �ndings encourage
reconsideration of the existing theory of 5-ALA-induced glioma cell �uorescence and demonstrate how 5-
ALA and TPEF imaging can provide a window into the immune microenvironment of human gliomas.

Introduction
The optimal surgical care of glioma patients requires a careful balance between maximal tumor resection
and the preservation of neurologic function. Fluorescence guidance with 5-aminolevulinic acid (5-ALA) is
one of the most well studied and evidence-supported approaches for maximizing extent of resection in
high-grade glioma (HGG) patients.1–3 The use of 5-ALA increases the chances for radiographically
complete tumor resection, the clinical gold-standard in glioma surgery, by 63-89%.1,3–7

The best published evidence in glioblastoma (GBM) patients suggests that 5-ALA-induced �uorescence is
most profound in densely tumor-in�ltrated tissue and decreases towards the tumor periphery.8,9

Unfortunately, widely employed techniques for visualization of 5-ALA-induced �uorescence are limited by
poor sensitivity, particularly at tumor margins.10 Consequently, the negative predictive value of 5-ALA-
induced �uorescence in HGG has been estimated to be as low as 21%.1,7,11–1

Both cell-intrinsic factors such as altered heme metabolism and attributes of the brain tumor
microenvironment are hypothesized to play a role in the 5-ALA induced �uorescence in high-grade
gliomas. In vitro evidence suggests that 5-ALA causes �uorescence within glioma cells because of
ferrochelatase dysfunction, which leads to intracellular accumulation of PpIX.17–20 Several clinical
studies point to a key role for blood brain barrier breakdown in determining which tumors will visibly
�uoresce due to PpIX accumulation. Accordingly, �uorescence observed in glioma patients treated with 5-
ALA is hypothesized to re�ect both intracellular PPIX accumulation within tumor cells and local blood
brain barrier breakdown.

Indeed, bright 5-ALA induced �uorescence is highly predictive for the presence of tumor in�ltration10.
Brain tissue in�ltrated by a higher concentration of tumor cells- especially in regions where there is blood
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brain barrier breakdown would, therefore, be hypothesized to �uoresce more strongly than brain tissue
with a lesser degree of tumor in�ltration behind an intact blood brain barrier. Low levels of 5-ALA induced
�uorescence at glioma margins and in tumors with mild to moderate cellularity is thought to occur
because of the challenge of detecting increasingly sparse �uorescing tumor cells where there is a low
level of PpIX accumulation.21

Intriguingly, PpIX-induced tumor cell �uorescence in 5-ALA treated glioma tissue has not been well-
documented.22 Previously, we developed and validated an FDA-registered clinical stimulated Raman
histology (SRH) microscopy system to streamline the process for accessing histologic data in the
operating room.23–26 SRH is achieved in the OR through the use of an Er-Yb �bre laser that can also be
utilized to induce two-photon �uorescence. We hypothesized that creating a bifunctional imaging system
capable of performing both SRH and two-photon �uorescence microscopy at precisely the same
coordinates within tissue specimens would offer an unprecedented opportunity to directly visualize the
microscopic localization of PpIX in human brain tumors. In addition the utilization of two-photon
microscopic techniques enables optical sectioning in fresh human specimens, minimizing the decay of
PpIX signal that can be caused by photobleaching and chemical degradation.

Our study in 75 high-grade glioma patients and three lymphoma patients yielded several unexpected
�ndings. First, we noted that tissue cellularity did not correlate with 5-ALA-induced �uorescence. We also
noted that PpIX accumulates most avidly in a subset of cells morphologically consistent with histiocytes
in tumor in�ltrated tissue. We veri�ed the observation that PpIX accumulation occurred in tumor
associated macrophages using spatially resolved metabolomics and RNA sequencing. Our data therefore
create the possibility of a tumor cell-independent mechanism for PpIX accumulation in human brain
tumors. This study also demonstrates how innovations in optics can advance our understanding of the
cellular biodistribution of clinical �uorophores and offer a novel means of imaging the tumor-immune
milieu.

Results
Engineering a multimodal optical system for SRH and TPEF

We modi�ed an existing, FDA-registered clinical system for stimulated Raman histology (Fig. 1a-b) by
adding a two-channel epi-�uorescence module to allow simultaneous detection of SRH and PpIX
�uorescence from the same optical section in fresh human brain tumor specimens. Stimulated Raman
scattering (SRS) is excited with a custom dual-wavelength picosecond (2-3ps) �bre laser source with a
�xed wavelength pump beam at 790 nm and a Stokes beam tunable from 1010 nm to 1040 nm27. SRS is
detected in transmission mode with a large area photo-diode (PD). As described previously25, we combine
high-frequency lock-in detection at 10MHz with high-speed auto-balanced detection in order to achieve
high detection sensitivity. We use a high-NA water-immersion objective lens (Olympus 25x 1.05NA) to
achieve high-resolution in tissue specimens. For SRH, we image the sample sequentially at 2845cm-1 to
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detect primarily lipids and at 2940cm-1 to detect primary protein and DNA and apply a pseudo-color
scheme that mimics traditional H&E staining.25

Two photon-�uorescence is generated by the same excitation beams used to achieve stimulated Raman
scattering (Fig. 1a). We use a 700 nm long-pass dichroic (Edmund Optics 69-903) to direct the epi-
�uorescence signal toward the dual-channel detector. The emission is �ltered with a high optical-density
700 nm short-pass �lter (Thorlabs FESH0700), split with a 50/50 beam splitter (Thorlabs BSW10R),
�ltered with a 640/75 nm (Edmund Optics 67-022) and 590/43 nm band-pass �lter (Edmund Optics 67-
020), and detected with two high-sensitivity photo-multiplier tube (PMT) detectors (Hamamatsu H10723-
20), respectively. The two emission bands were chosen to match the 640 nm emission peak of PpIX and
to be distinct but spectrally close in order to detect auto-�uorescence from species such as lipofuscin,
NADH, and elastin (Fig 1C).

We detected the output from the PMT detector with two low-frequency analog-to-digital (ADC) detectors
and display the 640 nm signal from PpIX and auto-�uorescent specimens in red and the 590 nm signal
from primarily auto-�uorescent specimens in green (Fig. 1c). As a result, auto-�uorescence appears in
hues of yellow and green depending on the speci�c emission ratio while signal in the red channel is
primarily driven by the presence of PpIX. We display both the multiwavelength �uorescence and SRH
images and display images from the same optical section side-by-side. The images are linked to enable
zoom/pan functionality, allowing for a quick correlation of the images during surgery (Fig. 1b,
Supplemental Videos 1-5).

Experimentally, we determined that the PpIX �uorescence was maximal when both the 790 nm and 1030
nm beams were present at the sample. However, this condition also creates coherent anti-Stokes Raman
scattering (CARS) at 641 nm, which coincidentally falls into the 640 nm emission band and overwhelms
the weaker PpIX signal. For this reason, we de-tune the time-delay between the 790nm and 1030nm
beams, such that CARS is no-longer generated but two-photon excited �uorescence (TPEF) from 790 nm
and 1030 nm is generated independently and measured with the 640 nm detector. We therefore modi�ed
the excitation sequence, in which we �rst image the sample with SRS at 2845cm-1, then with SRS at 2930
cm-1, and �nally with TPEF, essentially scanning the same image strip three times. The order of this
sequence is reversed during consecutive strips to minimize laser tuning and optimize imaging speed (i.e.,
the TPEF is detected �rst for every other strip). Striping is not visible in the stitched images, indicating
that photo-bleaching does not present a major issue in this acquisition scheme.

Performance of paired SRH/TPEF microscope in standards and tissue

We validated the multimodal imaging system by measuring the �uorescence intensity of serial dilutions
of soluble PpIX at known concentrations and found that 1.0 𝜇g PpIX/ml was the threshold for detection
(Supplementary Fig. 1). As expected, �uorescence intensity increased with increasing PpIX concentration
between 1.0-62.5 𝜇g/ml (Fig. 1d), a range that mirrors the concentration of PpIX clinically encountered in
tumor-in�ltrated tissue from glioma patients receiving 5-ALA.28
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We then evaluated the ability of the SRH/TPEF microscope to visualize PpIX in brain tumor specimens
from patients treated with 5-ALA prior to resection or biopsy of suspected high-grade glioma. We noted
that the SRH/TPEF microscope produced SRH images acquired at the 2845 cm-1 and 2930 cm-1 Raman
shifts of comparable character to previous SRH microscopes without the TPEF module, and that the
TPEF images could be acquired in corresponding �elds of view (Fig. 2). Based on morphologic
evaluation, it was possible to visualize the same tissue architecture and cytology in the SRH and TPEF
images.

Clinical detection of PpIX in brain tumor tissue typically occurs via microscopes that excite PpIX at
approximately 405nm and detect emission at 600-710nm via a single photon excitation �uorescence
(SPEF). To ensure the comparable image generation between the conventional SPEF microscopes
commonly employed in the operating room and the laboratory and the TPEF-based system we
engineered, we used both techniques to image comparable optical sections from the same specimens
(Fig. 2J, Supplementary Figs. 2 and 3) and veri�ed that the pattern of PpIX tissue distribution was
comparable between SPEF and TPEF across a series of 30 specimens from 20 patients. We also
measured the emission from 569-667nm with 405nm excitation of sectioned tumor specimens with SPEF
and observed a spectral signature consistent with PpIX �uorescence with peak emission at 630nm
(Supplementary Fig. 2). We also performed a photobleaching experiment with SPEF confocal microscopy
to con�rm that the areas of signal intensity and patterns attributed to PpIX �uorescence decayed with
exposure to 405nm excitation while the areas with high signal intensity and patterns attributed to
auto�uorescence do not (Supplemental Fig. 4).

Measuring the correlation of tumor cellularity and �uorescence

Both neoplastic and non-neoplastic cells contain endogenous �uorophores29. To explore the possibility
that the observed �uorescence in PMT1 was speci�c to 5-ALA administration, we imaged tissue from 5
high-grade glioma patients who had not received 5-ALA prior to resection. Importantly, in these cases the
observed pattern of �uorescence revealed only structures that �uoresced in both channels (rather than
solely in PMT1) suggesting that there was absence of PpIX present (Supplementary Fig. 5).

Having validated the performance of the SRH/TPEF imaging system in PpIX solutions and a small
number of human specimens, we sought to systematically evaluate PpIX distribution in a cohort of high-
grade glioma patients (n=70, Supplementary Table 1). The multimodal optical microscope we developed
offered a unique opportunity to quantitatively study the relationship between tumor cellularity and
�uorescence in high-grade gliomas. To make the best use of the complete microscopic imaging dataset
we collected, we utilized QuPath’s validated cell-detection module30, to count all of the cells (n=2,504,733
cells, Fig. 3a) in all imaged specimens (n=163 and a total area of 3,175.5 mm2) and developed a method
for �uorescence quanti�cation in the imaged specimens (Fig 3b). To quantify the �uorescence of PpIX,
the signal from the PMT2 channel is regularized and subtracted from the PMT1 channel.
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We noted a wide range of cellularity (average: 744 cells/mm2, range: 285-1506 cells/mm2) and
�uorescence intensity amongst the specimens identi�ed by operating surgeons as lesional and/or
�uorescent during surgery (Supplementary Fig. 6). Using regression analysis of our entire dataset we also
noted that there was no correlation between �uorescence and cellularity (R=-0.21, Fig. 3c, 3d).

De�ning patterns of PpIX accumulation in high grade glioma tissue

Given the unexpected lack of correlation between cellularity and tissue �uorescence, we sought to better
understand the nature of �uorescence in high-grade glioma tissue by characterizing the patterns of PpIX
accumulation within tissue specimens. PpIX appeared to accumulate in both extracellular and
intracellular spaces. Accumulation occurred to a variable degree both within individual specimens
(Supplementary Fig. 7) and amongst patients (Fig. 4, Supplementary Fig. 6). Generally, there were three
patterns of PpIX accumulation: (1) primarily auto�uorescence (minimal PpIX accumulation, <5 a.u.), (2)
dim PpIX �uorescence (5 - 40 a.u.) or (3) bright PpIX �uorescence (>40 a.u.). Intracellular concentration of
PpIX occurred in two patterns, including: (1) axonal accumulation (935/166,743 or 0.6% �elds of view,
Supplementary Fig. 8) and (2) cytoplasmic accumulation (19,057/166,743 or 11.4% of �elds of views,
Supplementary Figs. 9 and 10). To better understand the variability in observed �uorescence, we
examined a number of clinical variables with potential in�uence on the degree of observed �uorescence
in study patients: the interval between 5-ALA dosing and specimen imaging (Supplementary Fig. 11),
proportion of enhancing tumor, pattern of enhancement, and Ki-67 index.31 Using a linear �xed effects
model, none of these variables were found to correlate with the measured concentration of PpIX
(Supplementary Table 2).

Identifying the cells concentrating PpIX in human brain tumors

Abundant evidence demonstrates intracellular accumulation of PpIX within glioma cell lines after
treatment with 5-ALA in culture.17–20 Notably, a de�nitive correlative study revealing PpIX within glioma
cells in human tissues has not been reported. Intriguingly, an approach for PpIX visualization relying on
light-sheet microscopy revealed accumulation of PpIX in a small minority of cells, many of which were in
the perivascular space. The SRH/TPEF microscope we developed is particularly well suited for
localization of PpIX in brain tumor tissue because it enables comparison of histomorphologic and
�uorescent images of the same specimen in the same physical location with submicron resolution
(Supplementary Videos 1-5).

Though rare in our dataset, we noted that 130,044/2,504,733 cells accumulated PpIX in the cytoplasm
and that they generally exhibited morphology more consistent with histiocytes than tumor cells including
reniform-shaped nuclei, a granular cytoplasmic appearance and variable cellular shape including both
spherical and elongated forms (Supplementary Fig. 9). There was a high degree of variability in the
abundance of cells with high intracellular PpIX concentration amongst and within subjects. However,
cells with high intracellular PpIX concentrations were observed either along blood vessels (32/70 patients,
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Supplementary Fig. 10) or in�ltrating amongst tumor cells in 62/70 patients in a pattern consistent with
the known distribution of histiocytes within high-grade gliomas32.

Cytologic and histoarchitectural features led us to suspect cells concentrating PpIX intracellularly were
myeloid cells, a subset of tumor cells or pericytes. We therefore employed immunostaining for markers of
histiocytes (CD163+), tumor cells (GFAP+), and pericytes (SMA+) and in 5 cases (Supplementary Fig.
12).33 In these cases, we noted that the abundance and morphology of cells with intracellular PpIX
accumulation mirrored that of CD163+ cells in the imaged specimens. We then evaluated the abundance
of CD163 in the 45 study subjects, in which imaged tissue was available for CD163+
immunohistochemistry by comparing the degree of CD163 positivity to the quantity of cells concentrating
PpIX within their cytoplasm. The abundance of cells concentrating PpIX within their cytoplasm was
closely associated with quanti�ed CD163 positivity (Supplementary Fig. 12). The difference in the
number of cells concentrating PpIX in the cytoplasm was greatest between tissues with the greatest
CD163 positivity and those with the least CD163 positivity (p=0.002) but remained signi�cant even when
tissues with moderate CD163 positivity were compared to those with the least CD163 positivity (p=0.02
(Supplementary Fig. 12).

5-ALA-induced �uorescence in non-glial brain tumors has been previously reported.34–38 Consequently,
we hypothesized that PpIX might accumulate within CD163+ cells in non-glial tumors. In addition, there
have been sporadic reports suggesting CD163 expression by glioma cells39. We examined tissue from
three patients in whom 5-ALA was administered given a suspicion for high-grade glioma but were
ultimately diagnosed with diffuse large B-cell primary central nervous system lymphoma. As observed in
the glioma patients in the study, in tissue from CNS lymphoma biopsies, there was abundant intracellular
accumulation of PpIX in cells that mirrored the population of CD163+ histiocytes, rather than in the
neoplastic B-lymphocytes, in quantity and morphology (Supplementary Fig. 13).

Protoporphyrin IX is enriched in the myeloid cell population

To con�rm the observation of elevated PpIX �uorescence intensity in macrophages, we leveraged recent
integrated spatially resolved metabolomics (MALDI-FTICR-MSI) and transcriptomics (Visium 10X) data
acquired from six GBM patients treated with 5-ALA40 (Fig. 5a-b). PpIX is metabolized from 5-ALA via an
intermediate compound, coproporphyrinogen III (CpPIII). We hypothesized that active PPIX metabolism is
marked by the simultaneous expression of the heme biosynthesis enzymes CPOX, HMBS and FECH and
the accumulation of intermediate metabolites (CpPIII and PpIX). Spatial correlation of the recently
described regional transcriptional expression patterns (Reactive Immune, Reactive Hypoxia, Spatial OPC,
Radial Glia and Neuronal Development40) with both 5-ALA intermediate metabolites (CpPIII, PpIX) and
gene expression of CPOX, HMBS and FECH revealed high co-localization of 5-ALA metabolism with
immune active regions (Reactive Immune) (Fig. 5c). The Reactive Immune regions are marked by a high
content of mesenchymal-like malignant cells with CD163/HMOX1 immunosuppressive
macrophages41,42,43. Heme oxygenase 1 (HMOX1) has been shown to be an important marker of
increased Heme metabolism44, which also suggests a key role of this subpopulation of macrophages in
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PPIX metabolism. We noted that this observation was also consistent with the �nding that myeloid cells,
unlike CD45 negative cells, have a signi�cantly enhanced PpIX �uorescence signal45.

To verify the accumulation of PPIX in macrophages on a cellular level, we performed single cell
deconvolution using the state-of-the-art Robust Cell Type Decomposition (RCTD)46 and the GBMap
reference dataset containing approximately ~1 million cells47. The inherent heterogeneity of PpIX
accumulation in our specimens enabled us to compare cellular composition across areas of low and high
PpIX accumulation (Fig. 5d). RCTD provided cell type likelihood scores for each spot which were spatially
correlated to the expression of enzymes (in red) and metabolite intensities (in blue) (Fig. 5d and
Supplementary Fig. 14a). Immunosuppressive tumor associated macrophages (TAM’s) and in�ammatory
microglia demonstrated the strongest correlation with PpIX intensities and HMBS expression (Fig. 5d)
with astrocyte-like malignant cells also showing a lesser degree of PpIX accumulation and HMBS and
FECH expression. By extracting the mass spectra (regions of interest (ROI)) from both high CD163
expressing and non-expressing control regions we con�rmed that higher PpIX intensity was present in
macrophage-enriched regions (padj=0.0032) (Supplementary Fig. 14c-d).

To further validate our �ndings on an external, publicly available dataset, we utilized bulk RNA-seq
obtained from PpIX positive cells separated with �uorescence-activated cell sorting (FACS) (Fig. 5e)48.
Cell type deconvolution from bulk data by Multi-subject Single-cell Deconvolution (MuSiC)49 and the
GBMap dataset, demonstrated enrichment of myeloid and oligodendroglial lineages amongst PpIX
positive cells. Focusing on the analysis of RNA-seq data from the tumor in�ltration zone (Fig. 5f and
Supplementary Fig. 14.d-e) is particularly valuable since it contains both malignant and non-malignant
cells (Fig. 5f and Supplementary Fig. 14.d-e). Notably, malignant cells represented only 5% of the PpIX-
positive cells isolated from in�ltration zone tissue which was predominantly composed of tumor
associated macrophages and oligodendroglial cells (Fig. 5f). The cellular composition of the PpIX-
positive fraction was further investigated by inferred copy number alterations demonstrating the lack of
the characteristic gain of chromosome 7 and loss of chromosome 10 in PpIX-positive cells
(Supplementary Fig. 14f-g and Supplementary Fig. 15). In conclusion, IHC, spatially resolved
metabolomics and transcriptomics, and PpIX enriched RNA-seq suggest that PPIX is synthesized and
accumulates predominantly within myeloid cells.

Discussion
Improving the safety and accuracy of tumor resection is a long-standing focus in the �eld of surgical
oncology. Given the challenge of delineating tumor from adjacent brain, intense effort has been dedicated
towards developing technologies like 5-ALA �uorescence guidance- both with operating microscopes and
handheld devices- to enable better visualization of tumor margins in glioma surgery.21,50,51 Based on
de�nitive improvements in completeness of resection in high-grade glioma surgery demonstrated by
Stummer et al.3 and the concept of metabolic targeting of abnormalities in the heme biosynthesis
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pathway speci�c to glioma cells52, 5-ALA has become a widely used adjunct in the �eld of neurosurgical
oncology.

Regardless of the precise mechanism of accumulation of PpIX, a �uorescent metabolite of 5-ALA has
been previously hypothesized to accumulate speci�cally in tumor cell cytoplasm, creating visible
�uorescence. The evidence for glioma cell-speci�c accumulation is primarily based on in vitro studies
and studies in animal models. While there are several studies that correlate observed �uorescence with
the density of tumor cell in�ltration in glioma specimens1, there is a paucity of published evidence of 5-
ALA-induced tumor �uorescence in human brain tumor specimens21. In addition, �uorescence has been
reported in non-in�ltrated tissue in glioma patients10, perilesional tissue in metastatic tumor patients,
in�ammatory and dysplastic brain lesions.53,54 Moreover, the accumulation of �uorescent
protoporphyrins is well documented in non-glial tumors, both inside55 and outside of the brain.56,57

To better understand the distribution of PpIX in brain tumors at the cellular level, we modi�ed a bedside
histologic imaging system that we previously developed for intraoperative use. This system enabled us to
match virtual H&E and two-photon �uorescence images at the same location in the exact same optical
tissue section, with submicron resolution in fresh unprocessed human brain tumor specimens. The
impact of this unique optical system was unexpected as it demonstrated that PpIX accumulates both in
the intracellular and extracellular spaces and that intracellular accumulation was most avid in tumor
associated macrophages rather than tumor cells. These results are not consistent with the dogma that
visible �uorescence in gliomas is driven by intracellular tumor cell accumulation of PpIX and should
encourage a reconsideration of existing hypotheses on the mechanistic basis of observed PpIX
accumulation within brain tumors.

5-ALA is reported to selectively accumulate within glioma cells due to their down-regulation of
ferrochelatase but may also be impacted by dysregulation of ALA dehydrase, porphobilinogen
deaminase, coproporphyrinogen oxidase, heme oxygenase, nitric oxide synthase as well as factors such
as cell density and hypoxia52. While future work will be required to generate new theories of how PpIX
accumulation occurs in brain tumors, existing evidence suggests accumulation of PpIX is most strongly
in�uenced by the permeability of the blood brain barrier58.

An important limitation of this study is that we focused on brightly �uorescing and/or lesional- appearing
specimens taken predominantly within areas of pathologic, tumor-induced blood-brain barrier breakdown.
It is likely that additional insight into the tissue distribution of PpIX in and around brain tumors will result
from a systematic comparison of tissue sampled from uninvolved/minimally involved brain tissue
(presumably with intact blood-brain barrier), the tumor periphery and viable core (where blood-brain
barrier is dysfunctional). Another important limitation of this study is that the estimation of PpIX intensity
in our specimens correlates with that seen in SPEF methods but may be impacted by the spectral
properties of the TPEF microscope we engineered. Speci�cally, the microscope we developed is primarily
designed to detect the physicochemical state of PpIX that emits at 634nm, rather than the state that
emits at 620nm. However, the 620nm signal would show up in both PMTs. Notably, there was no
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appreciable 620nm signal within tumor cells to suggest PpIX accumulation in a pattern distinct from the
one appreciated with measured signal in PMT1.

That said, the evidence that PpIX accumulates in lesional-appearing and/or visually �uorescing tissue in
a manner that is independent of tumor cell concentration combined with the �nding that it accumulated
in axons in 48.6% of patients in this study (34/70) has important clinical implications (Supplementary
Fig. 8). Namely, surgeons should note that �uorescence may originate from tissue structures that are non-
neoplastic and plausibly functional. The disconnection of tissue cellularity from visible �uorescence
underscores the challenge of interpreting �uorescence during surgery and the importance of integrating
anatomic, functional, imaging and gross visual cues in deciding to resect or preserve tissue encountered
during surgery.

The discrepancy between the expected and observed location of PpIX on a cellular level speaks to the
importance of assessing the expanding library of clinical �uorophores designed for use in �uorescence-
guided surgery with optical systems that enable precise biodistribution studies. Through the use of an
imaging system where tissues and individual cells can be microscopically assessed via both structural
and �uorescence-based imaging modalities, it will be possible to verify �uorophore targeting rather than
inferring it from low-resolution imaging methods or correlations between measured �uorescence and
tissue cellularity.

The unexpected ability of the SRH/TPEF microscope to reveal intracellular PpIX accumulation within
tumor associated macrophages is notable given the central role of the immune system in
tumorigenesis59, a current focus in the �eld of neuro-oncology on the development of antitumor
immunomodulatory approaches60,61 and the documented prognostic value of myeloid cells in GBM
patients62. Histiocytes encompassing an array of myeloid immune cells including monocyte-derived
macrophages and microglia and have the capacity to promote and interfere with glioma growth63. Recent
evidence suggests a critical role for myeloid cells in glioblastoma patients who respond to anti-PD-1
immune checkpoint inhibitors64. Additional investigation is underway in our laboratory to better
characterize the subset of immune cells that concentrate PpIX in high-grade glioma. Ultimately, PpIX may
become a valuable microscopic imaging agent for assessing macrophage physiology in brain tumors at
the time of diagnosis and, possibly, in the setting of immunotherapy.

Outlook

Combining stimulated Raman histology and two-photon �uorescence microscopy on a single optical
platform offers a unique means of simultaneously visualizing tissue architecture and �uorophore
distribution. Utilizing this system, we noted that PpIX accumulates in tissue specimens from 5-ALA-
treated glioblastoma patients with variable distribution across the intracellular and extracellular tissue
compartments. The �nding that intracellular PpIX accumulation may occur within tumor-associated
macrophages creates a new avenue for visualizing this critically important component of the tumor-
immune microenvironment.
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Methods
Study design

The inclusion criteria for this study were as follows: (1) adult males and females; (2) subjects undergoing
brain-tumor resection at NYU Langone Medical Center, Medical University of Vienna, or Münster University
Hospital (3) subjects (or designee) who provided informed consent or where a waiver of consent applied;
(3) subjects who received 5-aminolevulinic acid two to twelve hours before tumor resection; (4) subjects
with excess tumor tissue resected beyond that needed for diagnosis; and (5) subjects with a �nal
diagnosis of a high-grade glioma.

The sample size was estimated at 70 patients to ensure adequate representation of all major tumor types
for analysis and based on the design of previous studies comparing SRS and H&E. The central goals of
this study were: (1) to build and verify a clinical microscope capable of performing both stimulated
Raman spectroscopy and two-photon excited �uorescence microscopy; (2) to judge whether 5-
aminolevulinic acid accumulated in tumor cells based on diagnostic histopathologic (SRH) images and
TPEF images; and (3) to determine in which cells 5-aminolevulinic acid accumulated. We began by
collecting biopsies (N = 73) from neurosurgical patients undergoing tumor resection. Each specimen was
imaged immediately after removal with the SRS and TPEF microscope.

Tissue collection and imaging

Tissue was collected at NYU Langone Medical Center according to the NYU Langone IRB-approved
protocol (IRB S19-01931), at the Medical University of Vienna according to the Medical University of
Vienna-approved IRB protocol (419/2008 - Ethics Commission Medical University Vienna), and at the
Münster University Hospital according to the Münster University-IRB protocol (2007-420-f-S and 2017-
707-f-S). Tissue was imaged using the NIO Imaging System (Invenio Imaging, Inc) at a standard depth of
10 microns from the surface of the compressed tissue specimen and, after imaging, sent to the clinical
pathology laboratory for downstream analysis afterwards. In a subset of cases with su�cient tissue
beyond that needed for clinical diagnosis, tissue was immersed in saline or �xed in formalin for CD163
staining and/or single-photon microscopy. Single photon �uorescence images of specimens utilizing a
standard confocal �uorescence microscope (Zeiss LSM 880) and TPEF images were obtained on tissues
imaged with the NIO Laser Imaging system (Invenio Imaging Inc., Santa Clara).

Imaging Specimens with TPEF and SPEF

Tumor specimens to be imaged with the NIO Laser Imaging system were �rst split in half via surgical
blade and divided into two portions: one portion to be imaged with paired SRH and TPEF microscopy and
the other portion to be imaged with confocal SPEF microscopy. The confocal imaged portions were
sealed without �xation on a standard glass microscope slide under a #1.5 thickness coverslip. All
confocal images were collected immediately on an inverted Zeiss LSM 880 Laser Scanning Confocal
Microscope with GaAsP detectors. Scans were performed with either a Plan-Apo 20x/0.8 M27 objective.
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Fluorescence was excited using a 405 nm laser with a pinhole diameter of 1 Airy Unit and emission was
acquired in Lambda scanning mode from 502-689nm with 9nm width increments. Both single �elds and
tile scans were collected; tile scans were stitched in Zen Black (Carl Zeiss).

TPEF Imaging PpIX serial dilutions 

In order to provide reference for �uorescence that was detected on SRH images, we performed a dilution
series of PpIX measured with TPEF. Pure PpIX was dissolved in 5% tween-20 Phosphate Buffered Saline
(PBS) to create serial dilutions (0-125 microgram/ml), each with a 50% reduction in concentration of
PpIX. The PpIX serial dilution solutions were imaged under 410nm excitation and imaged with the
SRH/TPEF microscope. This serial dilution procedure was repeated three times and each dilution was
measured three times for internal and external reproducibility. The �uorescence intensity was computed
for each serial dilution and the average �uorescence intensity with 95% con�dence intervals were
calculated and plotted.

Fluorescence Quanti�cation and Cell Counting

Each SRH and TPEF image pair was manually reviewed by D.J., and non-diagnostic regions of each
image (e.g.,) were removed, which contain structures appearing like cells that can add noise to automated
cell counting in the virtual H&E images and high auto�uorescence that can add noise to the PpIX signal in
the TPEF images. A sliding window algorithm was applied to generate 300 x 300-pixel patches from
these cropped virtual H&E and TPEF images. All image patches were reviewed and auto�uorescence,
extracellular �uorescence, and intracellular �uorescence patterns were labeled by study authors (M.N.,
D.J., D.A., H.W., and M.M.).

To measure the �uorescence signal of endogenous �uorophores captured by the PMT1 and PMT2 �lters,
we computed the ratio of �uorescence in the PMT1 channel and the �uorescence in the PMT2 channel
for each of the negative control cases. The mean PMT1 to PMT2 ratio for the negative control cases was
used as a regularization term to remove the signal from endogenous �uorophores in the PpIX
quanti�cation.

The PpIX �uorescence was quanti�ed for each TPEF patch by subtracting the averaged and regularized
PMT2 channel from the average of the PMT1 channel.

Each patch from the virtual H&E images was analyzed using QuPath’s watershed cell detection for
Bright�eld H&E images, which detected cells with a minimum area of 50 microns and a maximum area of
400 microns. The density of each patch was calculated as the number of cells in the patch divided by the
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area of the patch in microns. The case level cell density was calculated as the total number of cells in the
case divided by the total area of tissue imaged in the case.

Each patch from the TPEF images was analyzed using QuPath’s watershed cell detection for �uorescence
images, which detected cells with a minimum area of 50 microns and a maximum area of 400 microns in
the red channel. The density of each patch was calculated as the number of cells in the patch divided by
the area of the patch in microns. The case level cell density was calculated as the total number of cells in
the case divided by the total area of tissue imaged in the case.

A linear regression and its correlation coe�cient were computed to map patients’ average cellular density
to their average �uorescence concentration.

CD163 Density Analysis

A representative section of formalin �xed para�n-embedded (FFPE) tissue was subjected to
immunohistochemical analysis using a clinically validated monoclonal antibody against CD163 (MRQ-
26; Roche Diagnostics) to detect cells of monocyte/macrophage lineage within all cases that underwent
ALA-imaging. Semi quantitative analysis of tumor-associated CD163 positive cells was categorized into
three groups: low, medium and high. CD163 expression was quanti�ed as the percentage of positive cells
in a section as follows: Low - < 10% positive cells, Medium- ≥10-60% positive cells and High- >60%
positive cells. Furthermore, CD163 immunoreactive cells were evaluated for focal or diffuse in�ltration
within the tumor tissue.

Radiologic Imaging Review

Preoperative MRI scans were evaluated by a radiology resident (M.L.) with the guidance of a board-
certi�ed neuroradiologist (R.J.). Lesions were classi�ed by enhancement pattern (homogeneous,
heterogeneous, necrotic ring, nodular, non-enhancing) as commonly described in clinical practice. Lesions
were evaluated for enhancement quality, enhancing margin thickness, and enhancing margin de�nition
according to the VASARI feature set (1), a validated system for describing glioma morphology on MRI.
Segmentations of the enhancing tumor, non-enhancing tumor (including necrosis), and peritumoral
edema on T1-weighted pre- and post-contrast, T2-weighted, and T2-FLAIR sequences were automatically
generated using DeepMedic (2), a pre-trained brain tumor segmentation model, and manually corrected
as needed (e.g., to include only the subsequently resected lesion). Segmentation volumes were calculated
according to 1-mm isotropic voxels65.

Differences between the �uorescing cell density between cases with varying CD163 density
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CD163 density was assessed using a two-sided Mann-Whitney U Test. A linear �xed effects model was
developed to assess the impact of the time between 5-ALA administration and imaging, the proportion of
enhancing tumor, the pattern of the enhancement, and the Ki-67 proliferation index on the concentration
of PpIX measured in each case. All analyses used a signi�cance level of 0.05 and were conducted in R. 

Spatial multi-omic Analysis 

For spatial data analysis, we acquired the spatially resolved RNA-seq datasets using the SPATAData
package (https://github.com/theMILOlab/SPATAData)40. The metabolomic (MALDI) data of 6 patients
were downloaded (doi: https://doi.org/10.5061/dryad.h70rxwdmj). We aligned the metabolomic data to
the transcriptomic pro�les by a�ne transformation of the H&E images as described recently40. The
metabolomic spectra were averaged across each transcriptomic spot with a size of 55µm. Annotations of
metabolites were performed by the Metaspace (https://metaspace2020.eu) database using an FDR
threshold of 10%. Spatially correlation analysis was performed by either a spatial Lag model or a
Canonical Correlation Analysis (CCA). Cell type deconvolution of each spot was performed by Robust Cell
Type Decomposition (RCTD) , a well validated toolbox46. The deconvolution was performed by the
SPATAwrapper (https://github.com/heilandd-/SPATAwrappers) package using the function runRCTD.
Visualization of surface plots or correlation analysis was performed by the SPATA2 toolbox.

Spatial Bulk and PpIX sorted RNA-seq Deconvolution and Analysis

For analysis of the spatial bulk and PpIX sorted cells, we used the recently published RNA-seq dataset48.
The data contain samples from the tumor core area (Core), the contrast-enhancing rim (CE-Rim) and the
in�ltrative regions, which were de�ned as weak PpIX positive areas without de�ned histopathological
classi�cation which regions are samples according to the Ivy-GAP criteria. All samples (n=42) were
deconvoluted to infer the cellular distribution using the pan-GBM single-cell data GBMap47. The full-
scRNA-seq dataset was down-sampled by maintaining the quantitative distributions across all cellular
subtypes, de�ned as “annotation level 4”. Cell type deconvolution was performed by the Multi-subject
single cell deconvolution (MuSiC) algorithm49 using the function music_prop. Copy number alterations
(CNA) are performed by the SPATA2 toolbox using the runCnvAnalysis and the add-on functions from
SPATAwrapper for visualization46.

Copy Number Analysis

CNA analysis was performed using the CNA pipeline in the SPATA2 R tool available in the development
branch, https://github.com/theMILOlab/SPATA2. Copy number variations (CNVs) were estimated by
aligning genes to their chromosomal location and applying a moving average to the relative expression
values, with a sliding window of 100 genes within each chromosome, as described recently.66 First, genes
were arranged in accordance to their respective genomic localization using the InferCNV package (R-
software).66 As a reference set of non-malignant cells, we used a spatial transcriptomic dataset from a
non-malignant cortex sample. The exported .RDS output �les were then reimported and rearranged to
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de�ned chromosomal bins. These bins are created by the SPATAwrappers function Create.ref.bins(), with
the SPATA object and the size of the given bins as input. A bin size of 1Mbp was used, resulting in 3847
chromosomal bins with a mean coverage of 5.5 genes per bin. Rescaling and interpolation was carried
out using a 10kbp sliding window. For normalization, we used a loess regression model, built to
determine the copy-number values from the InferCNV output. Interpolation and normalization were
performed using the SPATAwrappers::runCNV.Normalization() function.40

Declarations
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Further information on research design is available in the Nature Research Reporting Summary linked to
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Figures

Figure 1

Engineering a paired SRH/TPEF microscope:Building on an existing �ber laser-based microscope
developed for clinical stimulated Raman scattering microscopy, we developed a paired SRH/TPEF
microscope. 790 and 1010-1040nm excitation impulses are generated by a �ber laser and employed to
induce both stimulated Raman scattering, collected in transmission via a photodiode and TPEF, collected
in re�ection, �ltered as shown and detected with two high-sensitivity photo-multiplier tubes (a). SRH and
TPEF images are displayed with the same �elds of view in a split screen format (b). The ranges of
emission detected by PMT1 (602-677 nm, red) PMT2 (570-620 nm, green) as well as their overlap
(yellow) are shown on a graph depicting the emission spectra of PPIX, and auto�uorophors NADH, �avins
and lipofuscin (c). Fluorescence intensity increases in a dose dependent manner with increasing PpIX
concentration (d).
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Figure 2

Paired SRH/TPEF Imaging. The engineered microscope enables imaging of fresh human brain tumor
specimens (a). For each �eld of view, a 2845cm-1 stimulated Raman scattering image (revealing the
distribution of CH2 bonds) (b) and a 2930cm-1 stimulated Raman scattering image (revealing the
distribution of CH3 bonds) (c) are used to generate a stimulated Raman histologic image (d) that reveals
architecture comparable to conventional H&E (e). To image the PpIX induced �uorescence in the same
specimen that is visible with a Leica OH5 operating microscope (f), 640nm �uorescence (g) and 590
�uorescence images (h) are assigned to the red and green channels, respectively, to create a multichannel
image that highlights the distribution of PPIX and auto�urophores (i). The two-photon excitation
�uorescence image demonstrates a distribution of PpIX similar to that of a single photon excitation
image collected in the same specimen (patient 43) (j).
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Figure 3

Relationship between cellularity and PpIX intensity (a.u.) in human gliomas. The QuPath cell detection
module was employed to count each cell in each SRH mosaic (e.g., patient 9) (a). Another module was
developed to quantify �uorescence in the PMT1 and PMT2 channels and to estimate the �uorescence
signal attributable to PpIX (patient 48) (b). A linear regression analysis of measured cell density vs. PpIX
intensity (a.u.) reveals no correlation (c). An alternative visualization of the relationship of cell density to



Page 25/28

PpIX intensity (a.u.) with individual cases organized by decreasing cellularity to reveal the lack of
correlation between the variables (d).

Figure 4

Patterns of PpIX distribution in human gliomas. Five predominant patterns of �uorescence were observed
across the 163 specimens imaged in the study: primarily auto�uorescence (a) diffuse and dim
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�uorescence that is characterized by a low-level homogenous PMT-1 signal throughout the tumor except
where vessels are present (patient 11), (b) diffuse and bright �uorescence where a higher PMT-1 signal is
present in a homogenous pattern in the imaged tissue (patient 9), (c) axonal accumulation, where high
PMT-1 signal is present most strongly in axons (patient 43), (d) cytoplasmic accumulation, where PMT-1
signal is focally present within a subset of imaged cells (patient 35), and (e) where �uorescent signal is
present in both PMT channels resulting in a “yellow” speckled appearance (patient 13). The frequency of
each pattern varies in each of the 70 cases (f), but diffuse and dim �uorescence was the most common
pattern observed, accounting for 64.1% of the imaged �elds of view.
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Figure 5

Transcriptomic and metabolomic analysis of PpIX accumulating cells. Illustration of the dataset and
work�ow (a). Examples of PpIX intensity in in�ltrative areas and normal brain surface are indicated on
the left, while examples of PpIX intensity in cellular tumor and hypoxia-associated areas of the tumor are
shown on the right (b). The estimated spatial correlation of enzyme expression (red) and metabolites
(blue) versus the enrichment of the spatial transcriptional programs in six patents is indicated in the dot
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plot (c). The spatially weighted correlation analysis of enzymes (red) and metabolites (blue) with cell type
likelihood scores in six patients is displayed in the dot plot (c). Illustration of the Smith et al, dataset46

and integration with the GBMap single-cell dataset (e).The percentage of cell type enrichment of selected
cell types are shown in (f). The differences of cell type enrichments between PpIX positive and negative
samples are illustrated at the bottom in (f). E, represents the cell type enrichment score, y-axis
demonstrate E(PpIX+) – E(PpIX-) cells divided by the sum of cell type scores.
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