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Abstract: 59 

Mounting evidence suggests that distinct microbial communities reside in tumors and 60 

play important roles in tumor physiology. Recently, Nejman et al. profiled the 61 

composition and localization of intratumoral bacteria using 16S DNA sequencing and 62 

histological visualization methods across seven tumor types, including human 63 

glioblastoma. However, considering potential contamination in their sample origins and 64 

processing, the results based on traditional histological methods need to be validated. 65 

Here, we propose a three-dimensional (3D) intratumoral microbiota visualization and 66 

quantification protocol to observe microbiota in intact tumor tissues on the premise of 67 

avoiding possible contamination in the surface of tissues, based on tissue clearing, 68 

immunofluorescent labeling, microscopy imaging, and image processing. For the first 69 

time, we have achieved 3D quantitative imaging of bacterial LPS fluorescent signals 70 

deep in gliomas in a contamination-free manner, which was founded mostly localized 71 

near nuclear membranes or in the intercellular space. Through an automated statistical 72 

algorithm, reliable signals can be distinguished for further analysis of their sizes, 73 

distribution, and fluorescence intensities. Combining two-dimensional images from 74 

multiple thin-section histological methods, including immunochemistry and 75 

fluorescence in situ hybridization, we provide a comprehensive histological 76 

investigation of the morphology and distribution of these signals on human glioma 77 

samples. We expect that this multi-evidence chain will provide supporting proof for the 78 

presence of intratumoral bacteria in human glioma and that the integrated pipeline can 79 

be applied to investigate the native bacteria within diverse tumors and contribute to the 80 

interpretation of their direct roles in the tumor microenvironment. 81 

 82 

Keywords:  83 
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Introduction: 88 

Ever-increasing evidence has shown that the native microbiota constitutes an essential 89 

component of the tumor microenvironment across many tumor types1-3. The 90 

populations of bacteria colonized within tumors have been demonstrated to be tumor-91 

type specific, which may directly regulate cancer initiation, progression, and patients’ 92 

responses to therapies1, 3, 4. Glioma is the most common primary brain cancer and 93 

glioblastoma (GBM) is the most malignant kind with a poor prognosis and remains 94 

incurable5. Recently, Nejman et al. verified that bacteria exist within seven tumors, 95 

including brain tumors, via combinational methods of immunohistochemistry, 96 

fluorescence in situ hybridization (FISH), electron microscopy (EM), culturomics, and 97 

genomic sequencing4. Nonetheless, their conclusions, despite their strict protocol of 98 

DNA sequencing against contamination, need to be further validated in consideration 99 

of potential contamination that can be traced back to sample resources and experimental 100 

procedures, especially when histological methods are involved. Meanwhile, these 101 

methods may lead to misinterpretation of the quantification and biogeography of 102 

microbial communities due to the lack of spatial resolution (e.g., thin sections) or 103 

individual-cell information (e.g., bulk sequencing for cell population). 104 

 105 

To detect the presence, localization, and morphology of intratumoral bacteria, 106 

histological methods relied on ultra-thin or thin tissue sections play a pivotal role, 107 

whereas often fail to avoid possible contamination on the surface of tissue sections and 108 

greatly restrict the information content. Regarding these defects, the novel tissue 109 

clearing techniques are expected to provide a contamination-free manner of microbial 110 

detection for tumor samples via direct interrogation of intact tissues6, 7. By providing 111 

the quantitative in-situ three-dimensional (3D) information of intratumoral microbiota 112 

in single-cell resolution, the tissue clearing-based visualization approach will promise 113 

to help validate the presence of residing microbial communities within the tumor and 114 

interpret their role from a system biological perspective. Here we undertook a 115 

comprehensive study on bacterial components within human gliomas combining 3D 116 
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visualization of intact tissues and traditional histological staining of formalin-fixed, 117 

paraffin-embedded (FFPE) slices. We provided the first 3D, quantitative, and 118 

contamination-free information of bacterial LPS fluorescent signals within human 119 

gliomas via the proposed tissue clearing-based intratumoral microbiota imaging 120 

strategy. Combining these pieces of histological evidence, we hope to give support to 121 

the presence of bacteria in gliomas and contribute to a comprehensive analysis in 122 

regards to their sizes, morphologies, and spatial distributions. Incorporating more 123 

methodologic improvements, this 3D in situ quantitative intratumoral microbiota 124 

imaging strategy is promising to reveal the panorama of the human glioma microbiota 125 

and is expected to provide insightful information into the direct host-microbiota 126 

interactions in the glioma microenvironment soon. 127 

 128 

      129 

 130 

Results 131 

3D quantitative imaging of bacterial LPS fluorescent signals in human glioma 132 

samples 133 

To eliminate the negative impacts of potential contamination during the tissue sampling 134 

and handling of tumor tissues for intratumor microbiota detection, we developed an 135 

Accu-Opticlear-based tissue clearing protocol to observe microbes within tissues, and 136 

for the first time, accomplished 3D visualization of bacterial LPS fluorescent signals in 137 

human glioma samples (Fig.1 a-c). We used antibodies to target the LPS cores anchored 138 

in the cell wall of Gram-negative bacteria and verified their specificity (Extended Data 139 

Fig.1 a-b), which also had been well validated by Nejman et al. examining human tumor 140 

tissue microarrays over seven tumor types4. Here, the human glioma samples were 141 

sliced into 500 μm-thick sections and cleared by the Accu-Opticlear protocol in 142 

combination with an autofluorescence bleaching step in clean environments with 143 

sterilized reagents and equipment. The most superficial parts, around 50-100 μm, were 144 

ignored during imaging by multiphoton laser scanning microscopy (MPLSM), and an 145 
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internal 100 μm part was scanned at a light-cutting interval of 1 μm (Fig.1 a-c). The 3D 146 

reconstruction images and videos clearly showed the sporadic distribution and irregular 147 

shapes of LPS fluorescent signals, which were mostly located near the nuclear 148 

membranes or diffused in intercellular spaces (Fig.1 d; Supplementary Movie S1; 149 

Supplementary Movie S2). We provided an automated image processing pipeline to 150 

exclude fluorescent signals with improper sizes and allow quantitative analysis in terms 151 

of the load, size, and fluorescent intensity of the signals (Fig.1 e; Extended Data Fig.1 152 

c-e). Quantitative analysis also suggested that these signals were randomly localized 153 

and of uneven sizes, with an average diameter of 2.17±0.80 μm. Whereas the low 154 

sample amount and microscopic fields in this study limited a thorough investigation of 155 

the universal features and distribution patterns of bacterial LPS in gliomas. In addition, 156 

these LPS fluorescent signals within glioma exhibited neither the typical features nor 157 

complete profiles of Gram-negative bacteria, which possibly attributes to the deficiency 158 

of cell walls and envelope transformation of intracellular bacteria4. Also, steps such as 159 

formalin fixation and permeation can alter bacterial morphology and introduce 160 

artifacts8 (Extended Data Fig.1 b).  161 

Taken together, despite further requirements for methodological improvements, this 3D 162 

quantitative in situ intratumoral bacteria imaging method provides the first direct and 163 

contaminant-free image of bacterial LPS fluorescent signals within human glioma 164 

samples. We also developed a customized statistical algorithm to accurately capture 165 

LPS fluorescent signals and give a quantitative description of their morphology and 166 

distribution. This integrated protocol for detecting and analyzing intratumoral bacterial 167 

components is also applicable to the investigation of diverse tumors and promises to 168 

advance the direct study of host-microbe interactions. 169 

 170 

Bacterial LPS and RNA can be visualized in human glioma samples 171 

To further complement the acquired 3D information, we performed traditional 172 

histopathological examinations for tissues from the same samples. We adopted 173 

antibodies against bacterial LPS and lipoteichoic acid (LTA) to target Gram-negative 174 
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and Gram-positive bacteria via immunohistochemistry staining, respectively. We 175 

demonstrated similar results as Rejman et al. reported4, that LPS was detected in glioma 176 

samples while LTA was absent (Fig. 2). Universal 16S rRNA FISH probes were applied 177 

to detect bacteria, with antisense probes serving as control. Distinct localization of 178 

bacterial 16S rRNA signals was founded mostly alongside the nuclear membrane, 179 

irregular in shape (Fig. 3). Quantification of fluorescent signals showed sizes ranging 180 

from 0.26~4.26 μm, with an average diameter of 0.59~1.85 μm. The results of 16S 181 

rRNA FISH staining combined with those of bacterial LPS immunostaining further 182 

indicated the atypical and variable morphologies of these bacterial components in tumor 183 

tissues. Although the two-dimensional (2D) images lacked vertical spatial information, 184 

these pieces of evidence were in support of the discoveries in 3D and added to the proof 185 

of the presence of bacteria in human gliomas. 186 

 187 

Discussion 188 

In the present work, we combined multiple histological methods to investigate bacteria 189 

in human glioma samples. We developed an Accu-OptiClearing-based contaminant-190 

free 3D pathology protocol to image bacterial components in human glioma, allowing 191 

further analysis for their quantification and distribution characteristics. This 3D 192 

histology imaging protocol is optimized by 1) collecting, sectioning, and processing the 193 

sample in clean environments and using sterilized reagents and equipment; 2) including 194 

negative and positive controls to monitor contamination and determine the effectiveness 195 

of the results; 3) studying the inside rather than the surface of intact cleared samples; 4) 196 

quenching autofluorescence to eliminate interference from unwanted fluorescent 197 

signals. We also represented, to our best knowledge, the first attempt to visualize and 198 

measure the bacterial LPS fluorescent signals in situ in the context of 3D histology free 199 

of contamination. This protocol also gives wide access to the visualization and 200 

quantification of bacterial signals within diverse tumors, aiming to provide a systematic 201 

characterization of the distribution and morphologies of intratumoral bacteria in situ. 202 

Besides, we built the multi-evidence chain that combines 2D and 3D histology to 203 
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comprehensively investigate these signals within human glioma, which will help verify 204 

the existence of intratumoral bacteria in human glioma.  205 

 206 

Although we have optimized the 3D imaging protocol to exclude potential 207 

contamination, there remain possible impacts of postmortem microbial translocation 208 

and other unaware contaminants, a universal problem in examining postmortem 209 

samples. Procedures such as shortening postmortem intervals, including sterile 210 

operations, and coupling with negative controls can help reduce errors9. Better 211 

approaches may be to identify microbes in fresh tumor tissues by vitro culture method 212 

and even directly track microbes in vivo. Immunofluorescent labeling for thick tissues 213 

raises recurring difficulties in eradicating non-specific fluorescence from non-specific 214 

binding of antibodies and autofluorescence derived to natural pigments (e.g., lipofuscin, 215 

flavin, mitochondria, hemoglobin, etc.) or formalin fixation. Autofluorescence in 216 

biological tissues, unfortunately, exhibits broad spectral ranges of excitation and 217 

emission wavelengths and approximate features similar to bacterial fluorescence 218 

profiles10-12. A preference for long-wavelengths fluorophores is recommended since the 219 

typical autofluorescence is mostly overlapped with green-blue fluorophores. Studies 220 

report that CuSO4 and SBB stains unwanted autofluorescence black, such as lipofuscin, 221 

an aging-related pigment that accumulates in many cells including those of the central 222 

nervous system, via boundary surface adsorption11, 13. To minimize the interference of 223 

autofluorescence, here we used chemicals (CuSO4 and SBB)13 to mask 224 

autofluorescence while enabling maintenance of tissue transparency and specific 225 

fluorescent labels. Facilitated by computing algorithms, fluorescence thresholding can 226 

also be automatically performed. However, both approaches have drawbacks, such as 227 

chemical quenching may reduce immunolabeling and the accuracy of automated 228 

spectral thresholding is unstable13. The protocol also needs to be reassessed whenever 229 

an experiment element is adjusted, to produce the most biologically relevant results. 230 

Problems also arise in the accuracy and sensitivity of 3D quantitative analysis for the 231 

signals, considering tissue deformation (e.g., shrinkage and expansion) and 232 
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immunofluorescence inaccessibility to all the targets during tissue clearing, which may 233 

ultimately derive to inaccurate parameters (e.g., diameter and quantity, etc.)14. 234 

Meanwhile, the confined sample size and microscopic fields of this study reduced the 235 

validity of the analysis. As a preliminary study, the incomplete nature of this work 236 

limited the information we acquired and prevented us from interpreting the constitution 237 

and roles of intratumoral bacteria. We hope to increase the reliability of fluorescent 238 

labeling for bacteria in tissue sections and 3D quantitative analysis in future research, 239 

and explore the underlying molecular mechanisms. This work also highlights the 240 

dilemma in histological detection of intratumoral microbiota, where results from 241 

multiple methods should be combined to make a comprehensive judgment.  242 

 243 

While the present study adds to the picture of the glioma microbiota，more issues 244 

warrant further investigation. The tumor-specific composition and function of the tumor 245 

microbiome have been the upsurge of omics sequencing and clustering analysis15-17. 246 

For the brain, the organ thought to be distinctively immune-privileged against microbial 247 

invasion by physiological barriers (e.g., blood-brain barrier (BBB)), how microbiota 248 

evolves and resides in brain tumors post an interesting question. Robert et al. once 249 

reported finding rod-shaped bacteria in healthy human postmortem brains by EM and 250 

proposed that bacteria may enter the brain through the BBB or via nerves innervating 251 

the gut, however, lacking further verification18. Although the bidirectional “gut-brain 252 

axis” has been defined to describe the interaction of the gut microbiome and the brain, 253 

only indirect pathways have been confirmed so far3, 19-21. While most studies on the 254 

direct host-bacteria interaction focused on how local microbial communities affect 255 

colonized tumors, yet remaining little is known22. Driven by the advances in bacterial 256 

probing and characterization, such as the development of STAMP23 and HIPR-FISH24 257 

techniques, tissue clearing technology is expected to be armed as a powerful tool in 258 

profiling the human tumor microbiota. We expect that 3D in-situ quantitative imaging 259 

of intratumoral microbiota in their native context with single-cell resolution will 260 

promote the dissection of the intricate interactive network among microbiota, tumor 261 
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cells, immune cells, and other components in the tumor microenvironment.  262 

 263 
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 318 

Methods  319 

Human glioma samples 320 

3 human glioma samples used in this study were randomly selected and obtained during 321 

neurosurgeries at the Zhujiang Hospital (Supplementary Table 1, Online Resource 1). 322 

Informed consent has been obtained for utilizing the resected tissues for research, with 323 

prior approval by the Medical Ethics Committee of Zhujiang Hospital of Southern 324 

Medical University (Approval Number: 2018-SJWK-004 and 2020-YBK-001-02). The 325 

specimens were resected and immediately fixed in neutral buffered formalin (NBF) and 326 

sent for diagnostic pathological examination. Tissues not used in the clinical-327 

pathological examination were salvaged for this study. These consisted of fragmented 328 

pieces of brain tumors, which have not been embedded in paraffin wax. The total 329 

duration of tissue fixation in NBF was about 9 to 11 months at 4˚C. The 3 samples were 330 

diagnosed by clinicians and graded according to WHO classification.  331 

 332 

Animals 333 

C57BL/6 mice (8-9 weeks old, 18-22 g, male) were obtained and raised in the 334 

Experimental Animal Center of Zhujiang Hospital of Southern Medical University, 335 

Zhujiang Hospital, and fed in a specific pathogen-free lab with constant temperature 336 

and humidity. The cage, pad, feed, etc., were sterilized by high-pressure steam and 337 
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replaced regularly. All animal experiments in this study were performed in strict 338 

compliance with the ethical principles of experimental animal welfare. 339 

 340 

Mouse dissection and organ collection 341 

A C57BL/6 mouse was deeply anesthetized with 1% pentobarbital sodium. The mouse 342 

was perfused with saline, followed by 4% (w/v) paraformaldehyde (PFA) fixation. The 343 

total intestinal tract was dissected separately and rinsed with 4% PFA to remove 344 

intestinal contents. The sample was post-fixed in 4% PFA for 2 days at 4˚C. Another 345 

C57BL/6 mouse was killed by neck-breaking and the brain was dissected and 346 

immediately collected. The brains were post-fixed with 4% PFA at 4˚C for 3 days. 347 

Before tissue clearing, tissues were gently rinsed with 0.01% (w/v) phosphate-buffer 348 

saline (1×PBS) twice. 349 

 350 

Bacteria smear and immunolabeling 351 

The preparation of bacteria smears and immunolabeling were followed the literiture25. 352 

A loopful of gram-negative bacteria (Escherichia coli strain ATCC25922) cultured in a 353 

Columbia agar base (Guangzhou Dijing Microbial Technology Co., Ltd. #LS0109) 354 

were transferred to clean EP tubes and fixed in PFA for 1 day. EP tubes were centrifuged 355 

(15 minutes, 4000-8000×g, at 4˚C) and the supernatant was removed. The bacteria 356 

pellet was resuspended in PBS and washed 3 times. A loopful of the resuspended 357 

bacteria was transferred into a drop of ddH2O in the center of clean slides to make a 358 

suspension, air-dried. The smears were fixed in 95% (v/v) ethanol for 1 minute at RT 359 

and dipped in PBS, air-dried. Immunolabeling of bacteria was performed according to 360 

the standard staining method. Primary antibodies (Lipopolysaccharide Core, mAb WN1 361 

222-5, HycultBiotech #HM6011, 1:100 dilution) were applied on smears for 30 minutes 362 

at 37˚C and secondary antibodies (Donkey anti-Mouse IgG (H+L) Highly Cross-363 

Adsorbed Secondary Antibody, Alexa Fluor Plus 594, Thermo Fisher #A32744, 1:100 364 

dilution) were added for 30 minutes at 37˚C. The slides were rinsed in PBS for 30 365 

minutes at RT and then blotted with Kimwipe paper. The slides were mounted with 366 
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mounting medium with 4’,6-diamidino-2-phenylindole (DAPI) (Fluoroshield 367 

Mounting Medium With DAPI, ABCAM #ab104139) and coverslips to the smears. The 368 

slides were observed with confocal laser scanning microscopy (LSM 800, Carl Zeiss, 369 

Germany) equipped with the objectives Plan-Apochromat 63X/1.40 Oil DIC M27.  370 

  371 

Immunofluorescence labeling and tissue clearing 372 

Before immunolabeling and tissue clearing, samples were trimmed and sectioned with 373 

vibrating slicers (DOSAKA, DTK-2ER01N) into 500 μm-thick slices. Accu-374 

OPTIClearing and reagent preparation were modified according to the literature26. 375 

Autofluorescence quenching chemicals were prepared according to the literature27：10 376 

mM Cupric sulfate (CuSO4, MACLIN #C805782) in 50 mM ammonium acetate buffer 377 

(adjust the pH = 5.0); 1% Sudan Black B (SBB, Solarbio #S8300) in 70% ethanol 378 

(protect from light). Sections were incubated in either 1×PBS (control), 10 mM CuSO4, 379 

or 1% SBB for 2 hours at RT with shaking. Sections were then dipped in ddH2O and 380 

rinsed in 1×PBS. Sections were cleared with Accu-OPTIClearing solution (4% SDS-381 

OPTIClear incubation at 37˚C) for 2 days and then washed with 1×PBS (3×10 minutes) 382 

at RT. Sections were then blocked with blocking buffer (0.6 M glycine, 0.2% v/v Triton 383 

X-100, 3% v/v donkey serum, with 0.01% w/v sodium azide in 1× PBS) overnight at 384 

37˚C. Sections were  incubated with primary antibodies (Lipopolysaccharide Core, 385 

mAb WN1 222-5, HycultBiotech #HM6011, 1:100 dilution) in antibody diluent (PBS 386 

buffer, containing 0.2% v/v Tween 20, 3% donkey serum，0.01% sodium azide) at 387 

37˚C for 2 days. Primary antibodies were removed by washing with 0.2% PBS-Tween 388 

20 (6×30 minutes) at RT on a shaker and then left overnight. Sections were incubated 389 

with secondary antibodies (Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed 390 

Secondary Antibody, Alexa Fluor Plus 594, Thermo Fisher #A32744, 1:100 dilution) 391 

overnight, protected from light. Sections were counterstained with 1 μg/ml DAPI 392 

during secondary antibody staining. After washing off secondary antibodies with 0.2% 393 

PBS-Tween 20 (6×30 minutes, at RT) on a shaker, sections were incubated with 394 

OPTIClear solution for 15 hours before microscopy. All solutions were sterilized with 395 
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0.22 μm filters (MILLEX-GV, SLGV033RS) and the operations were carried out in a 396 

biosafety cabinet (Thermo Fisher #1374-M) after UV disinfection. Gently transfer the 397 

sample to avoid damage. 398 

 399 

Multiphoton laser scanning microscopy (MPLSM) imaging  400 

All cleared tissues were mounted on 60 mm cell and tissue culture dishes wetted with 401 

OPTIClear solution (about 200 µl) under the microscopy. Images were obtained with 402 

an MPLSM (Olympus, FVMPE-RS, Tokyo, Japan) equipped with XLPLN10XSVMP 403 

(×10/0.6 NA) objective lens. We determined the optimal excitation wavelength of 404 

fluorescent dyes by gradually adjusting the wavelength of excitation light from 680 nm 405 

to 1050 nm. The excitation laser wavelengths were adjusted to 750 nm and 900 nm for 406 

DAPI and Alexa Fluor 594, respectively. The data were reconstructed and analyzed with 407 

Imaris, version 9.0.1 (Bitplane AG, Zurich, Switzerland). 408 

 409 

Hematoxylin and Eosin (H＆E) and immunostaining assays for FFPE sections 410 

FFPE slides (thickness: 4 μm) were prepared from FFPE tissue blocks. Tissue sections 411 

were stained with H&E according to standard protocols. Immunohistochemical staining 412 

was performed according to the standard staining method including a routine 413 

deparaffinization and rehydration step, an acidic antigen retrieval step (20 minutes at 414 

95˚C in Citric acid pH 6.0), an endogenous peroxidase quenching step (25 minutes at 415 

room temperature in 3% H2O2), and blocking with 3% BSA (Servicebio #G5001) for 416 

30 minutes at RT. Primary antibodies (Lipopolysaccharide Core, clone WN1 222-5, 417 

HycultBiotech #HM6011, 1:1000 dilution; Lipoteichoic acid antibody，GeneTex 418 

#GTX16470，1:1000 dilution) were applied on slides overnight at 4˚C and secondary 419 

antibodies (HRP-conjugated Goat Anti-Mouse IgG, Servicebio #GB23301, 1:200 420 

dilution) were added for 30 minutes at RT. The slides were covered with DAB 421 

chromogenic substrate (Servicebio #G1211) and the treating time was monitored under 422 

a Nikon E100 microscope (Nikon, Japan). Slides were counterstained with hematoxylin 423 

(Servicebio #G1004) for 3 minutes and routinely dehydrated with alcohol and xylene. 424 
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Slides were mounted with neutral balsam (SINOPHARM #10004160) and coverslips. 425 

Slides were scanned with Leica DM2500 Bright field microscope (Leica, Germany) at 426 

40×. 427 

 428 

16S RNA FISH for FFPE sections 429 

The 4 μm FFPE tissue slides were routinely deparaffinized and hydrated. Slides were 430 

stained for bacterial 16S rRNA (Cy3 labeled EUB338 probes-431 

GCTGCCTCCCGTAGGAGT, Future Biotech #FBFPC001, 25 μM) or negative control 432 

(Cy3 labeled nonspecific complement probe-CGACGGAGGGCATCCTCA, Future 433 

Biotech #FBFPC001, 25 μM) using the direct fluorescent bacteria in situ hybridization 434 

detection kit (Future Biotech #FB0016) according to the manufacturer’s instructions. 435 

Briefly, slides were washed with 1×PBS (2×10 minutes, at RT) and then treated with 436 

HCl (0.2 N, 20 minutes) and Proteinase K (50 μg/mL, 20 minutes) at RT. Slides were 437 

washed with 1×PBS (1×5 minutes, at RT) and then incubated with 200μl blocking 438 

buffer for 2 hours at 55˚C. Slides were washed in PBS for 5 minutes and air-dried. The 439 

probe solutions (1:100 dilution, 250 nM) were prepared by mixing probes with 25% 440 

hybridization buffer and hybridized for 48 hours at 42˚C. Then slides were washed in 441 

pre-warmed washing buffer (37˚C) for 15 minutes and air-dried for 20 minutes. Finally, 442 

slides were mounted with 20 μl DAPI-Antifade solution for 10 minutes and covered 443 

with cover slides in dark. The slides were observed under confocal laser scanning 444 

microscopy (TCS SP8, Leica, Germany) equipped with ×63 objectives lens (HC PL 445 

APO CS2 63X/1.40 OIL). 446 

 447 

Image processing  448 

Laser power and gain values were adjusted to the optimum for each image so that the 449 

fluorescence of positive signals and cell nucleus can be displayed clearly. 3D image 450 

reconstruction was made with Imaris imaging software (version 9.0.1, Bitplane AG, 451 

Zurich, Switzerland). Subsequently, each fluorescence image was processed by 452 

MATLAB (version R2019b) for counting the objects and calculating the mean 453 
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fluorescence intensity and volume of each bacterial LPS fluorescent signal. In this 454 

process, we firstly binarized each slide along the depth in the Z-axis of one 3D image 455 

by a specific threshold, which was obtained based on the mean gray value of the slide, 456 

to roughly segment the bacterial signals. To further refine the segmentation, we 457 

conducted a region growing method for each object to make it include the surrounding 458 

pixels with high and close gray values. All the slides of one image were rearranged to 459 

screen the real bacterial objects with a diameter of 0.5~5 μm. The final statistics of 460 

bacteria load, objective sizes, and the mean fluorescence intensities were based on those 461 

screened bacterial LPS fluorescent signals. The MATLAB code is available at 462 

https://github.com/PRBioimages/Fluorescence-object-counting. It can be used for 463 

high-throughput automated processing of 3D fluorescence images.    464 

 465 

Data availability  466 

The data that support the findings of this study are available from the corresponding 467 

author upon reasonable request. 468 
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Figure legends 516 

 517 

Fig.1 3D quantitative imaging of bacterial LPS fluorescent signals in human glioma 518 

sample 519 

 (a) Schematic representation for the 3D quantitative imaging protocol based on tissue 520 

clearing. (b and c) Human glioma samples before and after tissue clearing, respectively. 521 

(d) 500 μm-thick sections of glioma tissues (Glioma 1#) were immunolabeled with anti-522 

LPS (red) antibodies and DAPI (blue) and cleared with the above protocol 523 

(Autofluorescence quenched by CuSO4). The inner 100 μm-thick tissue was observed 524 

with MPLSM and scanned for 3D reconstruction. The 3D reconstruction images of the 525 

acquired Z-stack showed the sporadic distribution of the fluorescent signals among the 526 

whole tissue, located near the cell nucleus or in the intracellular space. Scale bars are 527 

shown in the pictures. (e) Examples of quantitative data of 3D images include the load 528 

and size (μm3) of LPS fluorescent signals. Each object was screened and identified from 529 

the 3D images. Objects were counted according to the depth in Z-axis (shown in the 530 

left graph) and each of them was binned according to the proportional object volume 531 

(shown in the right graph). 532 

 533 

Fig.2 Visualization of bacterial LPS and LTA in human glioma samples with 534 

histopathological staining of FFPE sections 535 

(a to c) FFPE slices from 3 human gliomas, Glioma 1#, Glioma 2#, and Glioma 3#, were 536 

stained with H&E, anti-LPS antibodies, and anti-LTA antibodies, respectively. Bacterial 537 

LPS positive staining was demonstrated in the glioma, while LTA staining demonstrated 538 

negative. (d) FFPE slices from mouse brain tissues were stained with antibodies against 539 

bacterial LPS and LTA as a negative control. (e) FFPE slices from mouse intestine 540 

tissues were also stained as above as a positive control. Scale bars, 50 μm. 541 

 542 

Fig.3 Visualization of bacterial 16S rRNA in human glioma samples with FISH staining 543 

(a) and (b) Representative results of the positive 16S rRNA FISH (red, with EUB338 544 

probes) and DAPI (blue) staining of human glioma FFPE slices. The fluorescent signals 545 

mostly demonstrated nuclear localization or sparsely dispersed in the tumor. Samples 546 

did not fluoresce when stained with NON338, the control complement probe of 547 

EUB338. (c and d) The 16S rRNA FISH (red) and DAPI (blue) staining of the mouse 548 

brain and mouse intestine tissues, as negative and positive controls, respectively. Scale 549 

bar, 50 μm. 550 

 551 
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 552 

Fig.1 3D quantitative imaging of bacterial LPS fluorescent signals in human glioma sample 553 

(a) Schematic representation for the 3D quantitative imaging protocol based on tissue clearing. (b and c) Human glioma samples before and after 554 

tissue clearing, respectively. (d) 500 μm-thick sections of glioma tissues (Glioma 1#) were immunolabeled with anti-LPS (red) antibodies and 555 

DAPI (blue) and cleared with the above protocol (Autofluorescence quenched by CuSO4). The inner 100 μm-thick tissue was observed with 556 

MPLSM and scanned for 3D reconstruction. The 3D reconstruction images of the acquired Z-stack showed the sporadic distribution of the 557 

fluorescent signals among the whole tissue, located near the cell nucleus or in the intracellular space. Scale bars are shown in the pictures. (e) 558 

Examples of quantitative data of 3D images include the load and size (μm3) of LPS fluorescent signals. Each object was screened and identified 559 

from the 3D images. Objects were counted according to the depth in Z-axis (shown in the left graph) and each of them was binned according to 560 

the proportional object volume (shown in the right graph). 561 
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 562 

Fig.2 Visualization of bacterial LPS and LTA in human glioma samples with histopathological 563 

staining of FFPE sections 564 

(a to c) FFPE slices from 3 human gliomas, Glioma 1#, Glioma 2#, and Glioma 3#, were stained with H&E, anti-LPS antibodies, and anti-LTA 565 

antibodies, respectively. Bacterial LPS positive staining was demonstrated in the glioma, while LTA staining demonstrated negative. (d) FFPE 566 

slices from mouse brain tissues were stained with antibodies against bacterial LPS and LTA as a negative control. (e) FFPE slices from mouse 567 

intestine tissues were also stained as above as a positive control. Scale bars, 50 μm. 568 

 569 
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 570 

Fig.3 Visualization of bacterial 16S rRNA in human glioma samples with FISH staining 571 

(a) and (b) Representative results of the positive 16S rRNA FISH (red, with EUB338 probes) and DAPI (blue) staining of human glioma FFPE 572 

slices. The fluorescent signals mostly demonstrated nuclear localization or sparsely dispersed in the tumor. Samples did not fluoresce when 573 

stained with NON338, the control complement probe of EUB338. (c and d) The 16S rRNA FISH (red) and DAPI (blue) staining of the mouse 574 

brain and mouse intestine tissues, as negative and positive controls, respectively. Scale bar, 50 μm. 575 

 576 

 577 
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 578 

 579 

Extended Data Fig.1 | See next page for caption 580 

 581 

 582 

 583 
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Extended Data Fig.1 Results of LPS immunofluorescent labeling of E. coli and comparison of the results of 584 

visualization and quantitative analysis of bacterial LPS fluorescent signals within human glioma samples  585 

(a) Specificity of LPS antibody. The bacteria smears of E.coli were immunolabeled with LPS primary antibody and 586 

secondary antibody, or without primary antibody as a control to exclude non-specific staining. Scale bar, 10μm. (b) 587 

Immunolabeling of LPS in bacteria smears, demonstrating incomplete attachment of antibodies and uneven staining 588 

pattern of fluorescence. Scale bars are shown in the pictures. (c) 3D quantitative imaging of bacterial LPS fluorescent 589 

signals in gliomas without an autofluorescence quenching step. The non-uniform shape, larger volume, and big quantity 590 

of the fluorescence signals in this group, compared with images after autofluorescence quenching (in Fig.1 and 591 

Extended Data Fig.1 d), indicated the presence of artifacts and false-positive results introduced by autofluorescence 592 

substances when performing the immunolabeling-based 3D histological imaging of thick tissues. (d) 3D quantitative 593 

imaging of bacterial LPS fluorescent signals with autofluorescence quenching step (with SBB). Scale bars are shown 594 

in the pictures. (e) The comparison of the mean fluorescence intensities of the three groups with/without 595 

autofluorescence quenching step (Control group has no autofluorescence quenching, in Extended Data Fig.1 c; CuSO4 596 

group, in Fig.1; SBB group, in Extended Data Fig.1 d). The average fluorescence intensity reduced in groups with 597 

the AF quenching step was shown in the graph. 598 

 599 
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