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Matrix stones are a rare form of kidney stones. They (~ Microbial infection Immune response© |
feature a high percentage of hydrogel-like organic matter, and their | 470 .0, e ® jn " ;

formation is closely associated with urinary tract infections. Herein, |[*i
comprehensive materials and biochemical approaches were taken to | =%
map the organic—inorganic interface and gather insights into the
host—microbe interplay in pathological renal biomineralization.
Surgically extracted soft and slimy matrix stones were examined
using micro-X-ray computed tomography and various micro-
spectroscopy techniques. Higher-mineral-density laminae were \

positive for calcium-bound Alizarin red. Lower-mineral-density Ve
laminae revealed periodic acid-Schiff-positive organic filamentous \_ P apatte M apatte
networks of varied thickness. These organic filamentous networks,

which featured a high polysaccharide content, were enriched with zinc, carbon, and sulfur elements. Neutrophil extracellular traps
(NETs) along with immune response-related proteins, including calprotectin, myeloperoxidase, CD63, and CD86, also were
identified in the filamentous networks. Expressions of NETs and upregulation of polysaccharide-rich mucin secretion are proposed
as a part of the host immune defense to “trap” pathogens. These host—microbe derived organic matrices can facilitate heterogeneous
nucleation and precipitation of inorganic particulates, resulting in macroscale aggregates known as “matrix stones”. These insights
into the plausible aggregation of constituents through host—microbe interplay underscore the unique “double-edged sword” effect of
the host immune response to pathogens and the resulting renal biominerals.
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ellular DNA, host-derived proteins, mucopolysaccharides, and
nucleic acids, whole host cells may also be present.’™
An extended complication of biofilm is its mineralization

. . 59,10
and subsequent calculi formation™”

Biofilms are well-organized microbial communities that form
on inanimate or living surfaces." Within a biofilm, microbes are
embedded in the self-produced extracellular polymeric matrix
that provides resistance against antimicrobial agents and host
immune defense.” Urinary tract infections (UTIs) and
associated biofilm complications affect 150 million people
each year worldwide.” Uropathogen biofilms adhering to
uroepithelium are often responsible for persistent and
recurrent infections and can cause pyelonephritis and acute

which is not unique to
the kidney but also occurs in the mouth as subgingival
calculus."”'* Both the bacterial cell surface and EPS play
collective roles in attracting ions and subsequent precipitation
of minerals. Specifically, carboxylic and phosphate anion
groups on microbial cell surfaces can provide a net negative
charge that can sequester various cations including Ca*, Mg“,

prostatitis.”> Uropathogen virulence determinants include Na', and Zn** from the surrounding milieu. Additionally,
surface factors, such as fimbriae, adhesins, and pili, and polysaccharides with varied length and composition, * nucleic
extracellular factors, such as toxins, siderophores, enzymes, and

polysaccharide coatings. These factors are critical for breaching December 1, 2022

the host mucosal barrier and subsequently result in May 26, 2023

colonization on uroepithelium to establish an infection.”* At May 26, 2023

the host—microbe interface, the extracellular polymeric
substances (EPSs) of the biofilm can be very complex: in
addition to microbe-secreted exopolysaccharides and extrac-
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acids, and proteins in the EPS also contain carboxyl,
phosphate, amine, and hydroxyl groups that have a high
binding affinity for these commonly identified cations.'""’
Four plausible mechanisms for bacteria-induced mineralization
that could result in urinary stone formation have been
proposed. These include (1) bacterial adherence to a pre-
existing mineral; (2) bacterial citrate lyase production can
result in a decrease in urine citrate levels; and (3) bacteria—
crystal aggregates may bind with the renal tubular epithelium
and induce matrix protein secretion that can act as nucleators/
precursors for mineral formation.'®"” The more commonly
discussed mechanism is that (4) unique ureolytic bacteria can
hydrolyze urea to ammonium ions, which increases the local
pH and facilitates the formation of magnesium (Mg)- and
ammonia (NH;)-based struvite and carbonate-(CO;) based
apatite crystals.'” In the physiological context of a patient, the
aforementioned mechanisms are likely to coexist and
collectively contribute to complex biofilm and associated
calculi formations.

Matrix stones are a rare form of calculi among all urinary
stones, as they are limitedly identifiable using patient-care X-
rays. Matrix stones are soft, radiotransparent, and fragile with
lower mineral content, in contrast to the commonly identified
hard calcium oxalate and calcium phosphate kidney stones.'®
Female patients with UTTI are closely associated with matrix
stones'” that contain a significant amount of fibrous network.”
This fibrous network presents itself as a powerful platform to
investigate the interplay between microbe-constructed biofilm
and host immune response-related products and subsequent
biomineralization. Most reports on matrix stones are limited to
case studies,”””' and the physicochemical characteristics
needed to gather insights into matrix stone formations are
yet to be investigated. Herein, we performed systematic, top-
down characterizations from millimeter to micrometer to
nanometer length scales on surgically extracted matrix stones
to underpin the fact that their formation lies at the interface
between microbe activity and host immune response.

Surgically extracted matrix stones from patients following a protocol
approved by the UCSF Committee on Human Research Protection
Program (IRB # 14-14533) were imaged and analyzed using multiple
analytical techniques. Corresponding clinical lab analyses on urine
cultures and matrix stone compositions are shown in Table SI.

Fresh matrix stone specimens were snap-frozen and stored at —80
°C for microbe community characterization and proteomics. For all
other characterizations, matrix stone specimens were fixed in 10%
neutral buffered formalin (Richard-Allan Scientific, Kalamazoo, MI)
at 4 °C overnight, washed three times in phosphate-buffered saline,
and subsequently washed with distilled water for 30 min. Specimens
were stored in 70% ethanol solution at 4 °C for further
characterization.

Specimens (N = 3) were scanned in 70% ethanol using micro-X-ray
computed tomography (micro-XCT) (MicroXCT-200; Carl Zeiss
Microscopy, Pleasanton, CA) at 4X (5 pm/voxel) and 10X
magnifications (3 ym/voxel) with 1200 image projections and an
angle sweep from —93 to 93°. Specimens were scanned with a source
power of 50 and 60 kVp for 4X and 10X magnifications, respectively.
Mineral densities (MD) of matrix stone specimens were determined
using 4X magnification scans. The reconstructed images of the
specimens were analyzed using Avizo 2019.4 software (Fisher

Scientific, Hillsboro, OR). X-ray intensity values were converted
from Hounsfield units to MD (mg/cc).>

The fixed specimens (N = 3) were embedded in paraffin, and S ym
thick sections were mounted on glass slides. Mounted sections were
stained with H&E, Alizarin red, and periodic acid-Schiff (PAS) to
detect the distribution of basophilic and acidophilic regions, calcium
deposits, and polysaccharides, respectively. Stained specimen sections
were imaged and recorded using an optical microscope (BX-S1,
Olympus, Waltham, Massachusetts).

For immunohistochemistry, epitope retrieval on serial sections was
achieved with 0.1 M sodium citrate buffer (pH = 6.0) for 30 min at 80
°C for all sections. Blocking was performed on all sections with a
commercialized blocking agent (Intercept (TBS) protein-free block-
ing buffer, LI-COR, Lincoln, Nebraska) at room temperature for 1 h.
Primary antibodies, including anti-CD63 (rabbit polyclonal,
ab231975, Abcam, Cambridge), anti-CD86 (mouse monoclonal,
ab220188, Abcam, Cambridge), anti-myeloperoxidase (rabbit mono-
clonal, ab208670, Abcam, Cambridge), and anti-calprotectin (mouse
monoclonal, ab22506, Abcam, Cambridge) were incubated on the
sections under static conditions overnight at 4 °C. The sections were
further incubated under static conditions with secondary antibodies at
room temperature for 1 h. The secondary antibodies used to visualize
CD63 and myeloperoxidase distributions were goat anti-rabbit IgG
H&L-Alexa Fluor 555 (ab150078, Abcam, Cambridge), while the
secondary antibodies used to visualize CD86 and calprotectin were
donkey anti-mouse IgG H&L-Alexa Fluor 488 (ab150105, Abcam,
Cambridge) and goat anti-mouse IgG H&L-Alexa Fluor 647
(ab15011S, Abcam, Cambridge), respectively. The mounting solution
contained DAPI for DNA detection (ab104139, Abcam, Cambridge).
Immunolocalization experiments were accompanied by a blank
control slide (incubated only in blocking solution) and secondary
antibody-only slides (replacing the primary antibody with blocking
solution) to assess the level of autofluorescence and non-specific
staining. The specimens were routinely examined using an optical
microscope with various fluorescence filters (BX-51, Olympus,
Waltham, Massachusetts).

CD63, CD86, and DNA localization. Sections of matrix stones
were imaged with a Leica SPS laser scanning confocal system. Lower
magnification images were acquired with 20X air objective. Higher
magnification images were acquired using a 63.0X (N.A. 1.40) oil
objective. For individual channels, imaging was performed with
excitation at 488 nm (51% intensity) and acquisition at 500—600 nm
with a gain of 882. The same tissue also was imaged using excitation
at 405 nm (with 27% intensity) and acquisition at 430—550 nm with
a gain of 844.

For image analysis, the Imaris (Bitplane, v9.7.2) “coloc” module
was used to find voxels where signal was present in both channels
(threshold = 2000 for both channels). A third channel was created
using colocalized signals, and surface objects were created (intensity
threshold = 17606). The surface objects were filtered by size, and all
surfaces with less than 2000 voxels were discarded; the results are
shown as a 3D model.

Calprotectin, Myeloperoxidase, and DNA Localization.
Matrix stone sections were imaged with a Nikon spinning disk
confocal using a 4X air objective and a 60X (N.A. 1.49) oil objective.
Imaging at 4X generated a tiled image showing a larger area of the
specimen. Z-stacking of images (step size = 0.2 ym) was performed at
60X to investigate structural details. The specimen was excited at 647,
561, and 405 nm sequentially, and respective emissions using a 500
ms exposure were captured accordingly. For image analysis, we used
Imaris (Bitplane, v9.7.2) to create surface objects on each channel by
setting the intensity threshold to two standard deviations above the
mean intensity for each channel. The total volume of each surface
group was measured using Imaris for calculating the ratio of each
component.
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Matrix stone specimens (N = 6) were dehydrated using an ascending
series of ethanol solutions (from 70 to 100%) and were subsequently
desiccated for field emission scanning electron microscopy (FESEM)
(SIGMA VPS00, Carl Zeiss Microscopy, Pleasanton, CA). Surface
morphologies of matrix stones were imaged using electrons at 1 keV.

The softer parts of the matrix stone specimens (N = 6) were
dehydrated using ascending series of ethanol solutions (from 70 to
100%) and subsequently embedded in LR-White resin (Electron
Microscopy Sciences, Hatfield, PA). Sections with 70—90 nm
thickness were cut with an ultramicrotome (Ultracut E, Reichert-
Jung) and mounted on Formvar-coated 200-mesh copper grids (Ted
Pella, Redding, CA). To ensure visualization of organic content in
matrix stone specimens, some sections on EM grids were
demineralized on top of a 1 mM HCI droplet for 5 min and
subsequently stained with a droplet of 2% methylamine tungstate
(Nano-W, Nanoprobes, Yaphank, NY) for 45 s. Transmission
electron microscopy (TEM) imaging was performed on a JEOL
JEM-1400 microscope (JEOL USA, Peabody, MA) operating at 120
kV. Data were recorded with a 4k Gatan Ultra Scan CCD camera
(Gatan, Pleasanton, CA).

For immunogold labeling, the demineralized sections were
incubated in a primary CD63 (rabbit polyclonal, ab231975, Abcam,
Cambridge) antibody solution for 6 h at 37 °C. Excessive primary
antibody was washed off with DI water; the sections were further
incubated in secondary goat anti-rabbit IgG with 10 nm colloidal gold
labeling (BosterBio, Pleasanton, CA) for 1 h under room temperature.
Excessive antibody was washed away with DI water, and the sections
were stained with a droplet of 2% methylamine tungstate (Nano-W,
Nanoprobes, Yaphank, NY) for 45 s, wick-dried, and stored for TEM
imaging.

The chemical composition of matrix stone specimens was acquired
using energy-dispersive X-ray (EDX) spectroscopy (Bruker AXS,
Madison, WI) at 10—1S keV. Data acquisition was performed in
Esprit 2 software (Bruker Nano Inc., Madison, Wis., US). Principal
component analysis on elemental data acquired from the EDX
scanner specific to higher and lower zinc (Zn) (HZ, LZ) regions was
performed using GraphPad Prism (GraphPad Software, Version 9.5.1,
Boston, MA).

Elemental maps specific to Zn, in addition to commonly identified
calcium (Ca) and phosphorus (P) of matrix stone specimens were
collected using microprobe X-ray fluorescence spectrometer (uXRF)
at beamline 10.3.2 of the Advanced Light Source at Lawrence
Berkeley National Laboratory. Spatial maps of elemental counts were
generated using an incident energy beam of 10 KeV and a spot size of
~7 X 7 um. 2D correlative scatter plots of Ca—P, Ca—Zn, and P—Zn
were obtained to identify the spatial association of elements using R
version 3.6.3 (R Core Team 2020).

Synchrotron 2D micro X-ray diffraction (u-XRD) patterns were
collected at beamline 12.3.2 of the Advanced Light Source, Lawrence
Berkeley National Laboratory, with a monochromator set at an energy
of 10 keV (wavelength A = 1.2398 A) and using a reflective geometry.
The area detector (DECTRIS Pilatus 1M) was placed at an angle of
40° at a distance of 156 mm from the sample surface. The X-ray beam
spot was about 10 X 3 um. The data were processed through the in-
house-developed software XRDSol. Lattice parameters were refined
by fitting over 5 reflections.

Tissue sections mounted on quartz slides were analyzed using a
polarized microscope prior to Fourier-transform infrared (FTIR)
spectroscopy. Polarized microscopy was performed to identify areas

with lower and higher degrees of mineralization. The section was
studied using a Lumos II FTIR microscope (Billerica, MA) in the
attenuated total reflectance (ATR) mode. The section was studied at
4 cm™' resolution, and 64 spectra were collected per acquisition. The
spectra were analyzed with Spectrum 10 spectrum management
software (PerkinElmer, Branford, CT) and graphed using the
OriginLab Pro software package (OriginLab Corporation, North-
ampton, MA). ATR spectra were acquired from three distinct regions
of the matrix stone section.

Three matrix stones were individually mixed with dry ice and
pulverized using a ceramic mortar and a marble pestle. 200 mg of the
resulting stone powder were incubated in 4 mL of extraction buffer (4
M guanidine HC], 0.5 M EDTA, 65 mM EDTA, and 50 mM Tris-
HCI, pH 7.4) for 48 h at 4 °C after being sonicated three times for 10
s. Insoluble material was subsequently removed by centrifugation at
15,000g at 4 °C for 15 min. Protein extracts were prepared for mass
spectrometric analysis using a modified version of the filter-aided
sample preparation protocol.”?

Liquid chromatography—tandem mass spectrometry (LC—MS/
MS) in data-dependent acquisition mode was performed on an Easy-
nLC 1000 system hyphenated to an Orbitrap Fusion mass
spectrometer equipped with an Easy Spray ESI source (Thermo
Fisher Scientific, Waltham, MA). Detailed MS-acquisition parameters
are described in the Supplemental Methods. Protein identification and
label-free quantification were performed using the PEAKS Studio
XPro software suite (Bioinformatics Solution). The false discovery
rate for peptide identifications was controlled using the decoy-fusion
method. FDRs of 1% were applied at the peptide spectrum and
protein match level, and only protein hits with two significant peptide
identifications were retained for further analysis. For the relative
quantitation of proteins, the peak areas of the top 3 most abundant
unique peptides were employed. Gene ontological overrepresentation
in the matrix stone proteome composition was tested against the
Reactome pathway database using PANTHER* and the complete
human proteome as a reference database while correcting for multiple
testing according to Bonferroni. The mass spectrometry-based
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE repository”® with the dataset identifier:
PXD033298.

An additional N = 3 specimens were pulverized, as described above.
Genomic DNA was extracted from the pulverized specimens using a
QIAamp PowerFecal Pro DNA Kit (Qiagen, Germantown, MD).
Briefly, pulverized specimens suspended in DNA/RNA Shield were
added to PowerBead tubes containing solution CD1 and homogen-
ized on a TissueLyser II device (Qiagen, Germantown, MD) for 3
cycles of 2 min at 30 Hz, with 1 min at 4 °C in between each cycle.
After centrifugation, the supernatant was processed on a QIACube
Connect device, implementing the IRT version of the QIAamp
PowerFecal Pro DNA protocol. Genomic DNA extracted from matrix
stones was used as a template for 16S ribosomal RNA gene
amplification and next-generation sequencing using a two-stage PCR
protocol, as described previously’® and employing primers targeting
the V4 variable region of microbial 16S rRNA genes.”” Amplicons
were pooled and sequenced on an Illumina MiniSeq sequencer with a
mid-output flow cell, employing paired-end 2 X 154 base reads. Raw
sequence data were processed as described previously”’ usin§ the
DADA? pipeline within the QIIME2 software package.”®* No
reagent contaminants were identified using the decontam package
based on the prevalence of amplicon sequence variants (ASVs) in the
reagent negative blank controls (n = 6 PCR reagent controls and n = 1
extract reagent control) using default parameters.’® Unassigned,
eukaryote, chloroplast, and mitochondrial ASVs were removed from
datasets prior to statistical analyses. Raw sequence data were
deposited in the NCBI Sequence Read Archive under BioProject
PRJNA942323. DNA extraction, library preparation, sequencing, and
bioinformatics analysis were performed at the Genomics and
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Figure 1. Matrix stones feature laminae with varying mineral densities. (A—C) Matrix stones demonstrate a heterogeneous structure; quantitative
analyses revealed diverse mineral densities across specimens. Despite structural heterogeneity, matrix stones exhibited distinctive laminae with
lower and higher mineral densities (red arrows), scale bar for micro-CT images: 500 ym. Similar laminae also were observed in (D—F) H&E and
(G-1I) Alizarin red-stained sections (upper panel scale bar: 200 pm; lower panel scale bar: 20 ym).

Microbiome Core Facility (GMCF) at the Rush University Medical

Center.

The potential severe aftermath of a relatively “soft” gel-like
matrix (Figure SIA—I) growing into a “hard” large staghorn-
shaped stone (Figure S1J—K) calls for a deeper understanding
of its formation. As such, the physicochemical characteristics of
matrix stones that would help provide insights into their
etiology are discussed.

The mineral densities (Figure 1A—C) of surgically retrieved
matrix stones (Figure S1, Table S1) demonstrated a
heterogeneous distribution of mineral densities. X-ray tomo-
grams revealed laminae as a characteristic feature of matrix
stones (Figure 1A—C). The layered pattern also was observed
in sections stained with H&E (Figure 1D—F) and Alizarin red
(Figure 1G-I).

The morphology of a representative matrix stone, consisting of
both soft organic and hard inorganic phases (Figure 2A-top,
optical image), was analyzed using a scanning electron
microscope (SEM) (Figure 2A-bottom, SEM image). In
addition to the visually apparent larger mineral pieces (Figure
2A,B), mineral deposits of various sizes and shapes (Figure 2B
inserted and Figure 2C) suggested potential growth from
numerous nuclei. The soft and slimy portion of the matrix
stone contained filamentous networks (Figure 2D). Spherical
and rod-like structures, as well as imprints, also were identified
within the matrix (Figure 2E,F). Spheres resembled bacteria
from the genus Staphylococcus with a diameter of 2 + 0.6 ym
(Figure S2A), and rods resembled Gram negative bacteria
(Figure S3A, red arrows). A larger size compared to the
recognized size of Staphylococci of 0.5—1.5 um>" could result
from mineral precipitation on the cell membrane. Broken
spheres with hollow spaces and 20—45 nm thick mineralized
wall structures and/or calcium precipitates also were observed
(Figure $2).** Compared to FESEM, it should be noted that
cryoelectron microscopy of the specimens are warranted for an
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Figure 2. Minerals, encrusted microbial colonies, and organic filamentous networks are major constituents of matrix stones. (A) Optical
microscope image (top) and corresponding stitched SEM image (bottom) of a representative matrix stone specimen. (B) Stitched SEM image of
the large mineral piece observed in A (indicated with orange arrows); the inserted SEM image shows a smaller mineral deposit. (C) Diverse
mineral morphologies were identified within the same specimen. (D) SEM image of the soft, slimy matrix as an extensive film (top) formed from
interwoven filamentous networks (bottom) is shown. (E) SEM images of rod-shaped bacteria with grainy surfaces (indicated with a cyan arrow, left
panel) and rod-shaped imprints (indicated with a cyan arrow, middle panel) are shown. These embedded bacterial colonies grew into large
concretions (right panel). (F) Spherical bacteria (left panel) also developed a grainy appearance (middle panel, mineral deposit on bacterial surface
indicated with a green arrow) and grew into large, encrusted aggregates (mineral encrustation indicated with a green arrow). (G) Representative
SEM images focused on regions with individual bundles of filaments. These bundles provided scaffolds facilitating heterogeneous nucleation and
mineral deposition. (H) High-magnification SEM image of a surface area of a stone piece in B (corresponding area indicated with a yellow box)
showed a combination of rod-shaped bacterial imprints (cyan arrows), spherical bacteria (green arrow), and filamentous structures (blue arrow).
(I) Elemental analyses demonstrated strong signals representative of organic (carbon and nitrogen) and inorganic (calcium and phosphorus)
components, consistent with mineral deposition on bacterial surfaces as observed in E and F. (J) Representative elemental analyses illustrated
carbon and nitrogen-rich filaments, while the deposited structures were rich in calcium and phosphorus. These observations demonstrated the
organic nature of the filamentous networks, which provided a large surface area for mineral nucleation and precipitation, as seen in G.

accurate representation of the cellular structure of spheres and
rods (see identified genera in Figure. S4 and Table S1).
Mineral particulates on filaments (Figure 2G) indicate
filamentous scaffolds with large surface area can facilitate
nucleation. With the filamentous network (Figure 2D)
intertwined with other constituents, including microbes and

and mineral deposition. The organic (Figure 3) and inorganic
phases within matrix stones, and their elemental heterogeneity
were further characterized and are highlighted through
elemental analyses (Figures 4 and S).

minerals (Figure S3), a stone piece is often presented as a
heterogeneous aggregation of all major components (Figure
2H). Aggregates on carbon- and nitrogen-rich microbial cell
surfaces (Figure 2I) and filaments (Figure 2J) were positive for
calcium and phosphorus. These observations indicated that
both the microbial cell surface and filaments are organic
constructs serving as substrates for heterogeneous nucleation

Sections from matrix stones were immunolocalized for CD63,
CD86, and nucleic acids (DNA) (Figures 3A and S4). The
immunofluorescent laminae (Figure 3A) were strikingly similar
to the laminae revealed by varied X-ray attenuation, H&E, and
Alizarin red stains (Figure 1). The prevalence of CD63 and
CD86 indicated exosomes®>** provided insights into question
of whether their presence resulted from immune cells.”>™’
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3D model

Calprotectin
Myeloperoxidase

Diameter=34.7+ 11.5 nm
n=110

Figure 3. Host immune response and organic filamentous network. (A) Matrix stone stained positive for CD86 (green-left column) and DAPI
(blue-middle column), demonstrating the presence of filamentous DNA structures. Z-stacks of optical sections obtained using confocal microscopy
showed three-dimensional laminae of the filamentous network. (B) Relative protein composition of the three matrix stones was compared using
LC—MS/MS-based proteomics. The ternary plot depicts the average protein abundance (circle size) and the relative ratio of proteins across stones.
Functional enrichment analyses revealed an overrepresentation of innate immune factors such as S100A8/A9 (calprotectin) and myeloperoxidase
(PERM) associated with NET formation (Table S2). (C) Confocal fluorescence images of matrix stone specimens illustrated distributions of
calprotectin (red-left column), myeloperoxidase (yellow-middle column), and DNA molecules (blue-right column) at various magnifications. A 3D
model was generated with masks with signals above mean + 2*standard deviation intensities in individual channels. The sum volume from each
channel generated a percentage of calprotectin/myeloperoxidase/DNA as 39%:41%:20%. (D) Correlative SEM images of the fluorescence-labeled
specimen in C (corresponding area indicated as a green box) revealed the filamentous networks. Higher magnification images demonstrated the
coexistence of laminae and spheres with diameters of 34.7 + 11.5 nm, n = 110. (E) PAS-stained sections revealed a similar banding pattern.
Correlative microscopy with increasing magnifications using SEM revealed extensive filamentous networks and local thickening, resulting in a
lamina; higher magnification images highlighted rod-shaped bacteria trapped in filamentous networks. (F) TEM images revealed filaments and 20—
40 nm diameter spheres. Bacteria with long flagella also were identified within the organic matrix.

4

CD86, in addition, plays a crucial role in the initiation and
maintenance of an immune response.38 It is often used as a M1
macrophage marker but also is contained in secretory vesicles
and neutrophil granules.””*” DAPI stain indicated DNA
structures, which are released as critical components of
neutrophil extracellular traps (NETs) during acute inflamma-

tion."' ™" Z-stacking of optical slices of the matrix stone
sections revealed a three-dimensional laminar architecture of
the network (Figure 3A right panel). Strong signals of these
organic molecules through the Z-stack suggested a significant

contribution from the host immune system.
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Figure 4. Zinc dominated organic regions contain polysaccharides and amides, and calcium dominated regions contain Zn, Mg, and CO;
incorporated apatite. (A) XRF analysis of a representative matrix stone section illustrates the distribution of calcium (red), phosphorus (blue), and
zinc (green) elements. The map is further divided into zinc-rich (region 1) and calcium/phosphorus-rich (region 2) areas. Additional
microenvironments are labeled a-f, and their Zn, Ca, and P ratios are shown as pie charts. SEM images of a-f illustrate the morphological differences
of areas with various levels of mineralization. An additional SEM image (top left) illustrates bacteria entrapped in a filamentous network rich in
zinc. (B) Quantitative analysis of regions 1 and 2 measured Zn/Ca/P ratios as 59.5%:19.4%:21.1% and 16.2%:43.0%:40.8%, respectively. Scatter
plots show correlations between Ca/P, P/Zn, and Ca/Zn. (C) FTIR spectra for regions a—c.

To further confirm immune reactions to pathogens and to
provide a comprehensive list of proteins in matrix stones, LC—
MS/MS-based proteomics was performed and identified over
747 proteins across stone specimens (Table S2), ranging in
abundance over 6 orders of magnitude (Figure SSA). Overall
compositional comparison of the matrix stone proteomes
revealed similarities between individual matrix stones as well as
inter-stone variability (Figure 3B). Specifically, functional
enrichment analysis detected a significant overrepresentation
of pathway components of the innate immune system and
neutrophil degranulation and NET formation (Table S3,
Figure SSB,C).** Among these proteins, the most abundant
were S100A8 and A9 (which complex to form calprotectin),
myeloperoxidase, and azurocidin, all of which are proteins
contained in neutrophil granules and are involved in the
antimicrobial activities of the NETs.**~** Calprotectin and
myeloperoxidase were selected for immunolocalization and
revealed wide signal distribution throughout the laminae
(Figure 3C).

SEM images of a representative area (indicated with a green
box in Figure 3C, top left panel) on immunolabeled specimens
revealed extensive filamentous networks (Figure 3D). Local
bands with enhanced immunolabeling signals were associated

with thick regions of the network (Figure 3D, top row). Higher
magnification confocal (Figure 3A,C, bottom row) and SEM
images (Figure 3D, bottom row) also illustrated spheres
(diameter of 34.7 + 11.5 nm, n = 110) within networks.

Notably, in Figure 3A,C, volumes of DAPI-positive DNA
molecules were less than those from CD86, calprotectin, and
myeloperoxidase positive regions. Further quantifications were
achieved by segmenting structures with strong fluorescence
signals from the 3D volume reconstructed by stacking optical
sections positive for DNA, calprotectin, and myeloperoxidase.
Fluorescence intensities above the mean value + 2 X standard
deviation for each channel were used to eliminate the influence
of background, and the percentage of calprotectin/myeloper-
oxidase/DNA was 39%:41%:20%. The smaller volume for the
DNA scaffolds is an interesting finding, as extracellular DNA is
traditionally recognized as the major contributor to the
filamentous scaffolds in NETs.***” Taken together, we
hypothesize that the presence of vesicles and filaments in
matrix stone extends beyond NETosis and that other host—
pathogen related mechanisms also could contribute to the
network formation.

The mucosa of the urinary tract provides a protective barrier
from microbes and is a critical component of host immune
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Figure S. Energy dispersive X-ray spectroscopy of matrix stones and principal component analyses illustrate transformation of organic into an
inorganic matter. X-ray diffraction illustrate Zn incorporation in HA. EDX scans and spectra, and PCA analyses of elemental counts for (A) Zn-rich
region with thick filamentous networks, (B) highly mineralized area, and (C) encrusted microbial colonies. Note: Pd-palladium signal originates
from the specimen coating for SEM. (D) PCA analysis of multiple matrix stones demonstrates Zn, C, S, and N in higher zinc regions (red circle)
and Ca, Na, P, and Mg in lower zinc regions. (E) XRD analyses of both high-Zn (left) and high-Ca (right) regions.

defense. The expression of gel-forming mucins can be
upregulated by inflammatory factors.”® In this study, rod-
shaped Proteus mirabilis and associated proteins were identified
to different extents (Table S4). In addition, genera of
pathogens including Staphylococcus, Pseudomonas, Proteus,
and Veillionella, among others, were also identified (Figure
S6 and Table S1). Neutrophils in a battle against these
pathogens can stimulate increased mucin production and
secretion via elastase release.’** With characterized neutro-
phil activities (Figure 3B,C) in addition to the gel-like
appearance of matrix stones (Figures S1 and 2), it is
conceivable that mucins secreted by renal epithelial cells are
also important components of the stone substrate. Supporting
our hypothesis, matrix stone sections stained positive with
PAS, indicating abundant polysaccharides as the other organic

constituent (Figures 3E and S7). At a larger scale, these
networks also contained local “pockets” with entrapped
microbes, a plausible defense against infection progression
(Figures 3E and §7).>”

TEM imaging of anti-CD86 gold labels further confirmed
host immune defense-derived filaments and the 20—40 nm
spherical structures as critical constituents of matrix stones
(Figures 3F and SS5). Flagella-like filaments also were observed
(Figure 3F, right bottom corner).

Presented comprehensive physicochemical and biochemical
analyses provided insights into host immune responses,
especially NETosis and mucin secretions, both of which play
significant roles in the formation of the organic filamentous
networks and subsequent mineral precipitation. These
processes that represent host efforts to protect from bacterial
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infections but conversely contribute to stone formation, reveal
a unique “double-edged sword effect” of the host immune
response to microbial attack.”

The significance of Zn as an immune regulator was noted
through the increased risk for infections in humans with zinc
deficiency.”*>® Neutrophil granulocytes, as one type of
polymorphonuclear leukocytes, are the first line of defense
against invading microbes. The battle between neutrophils and
microbes results in a rise of reactive oxygen species, DNA,
chromatin, and granule proteins, such as S100A8 and A9
(which form the calprotectin complex), myeloperoxidase, and
azurocidin, in the extracellular space.’® These fundamental
constituents of NETs are noted to be Zn positive.”’
Consequently, NETs that capture microbes and contribute
to matrix stone formation should also exhibit Zn-positive
characteristics.

Spatial heterogeneities of Zn in matrix stones were mapped
using XRF, FTIR, EDX, and XRD techniques. Zn-positive
regions revealed via XRF were categorized as higher-Zn
(region 1 in composite image > median counts) and lower-Zn
regions (region 2 in composite image < median counts)
(Figures S8 and 4A). Regions 1 and 2 featured Zn/Ca/P ratios
of 60%:19%:21% and 16%:43%:41%, respectively (Figure 4B).
Ca and P exhibited a strong positive linear correlation in both
regions. However, scatter plots of Zn/Ca and Zn/P in each
region showed a complex pattern with various clusters (Figure
4B). Patterns included: (1) higher Zn counts with lower Ca or
P counts, indicative of organic matrices with lower calcium
phosphate mineralization levels (no discernible XRD); (2)
higher Zn and Ca/P counts, indicating greater mineralization
levels following the scaffold of an organic substrate; (3) lower
Zn but higher Ca/P counts, suggesting calcium phosphate
mineral precipitation with little to no organic substrate
association.

Additional representative microenvironments with varied
mineralization levels were labeled as regions a—f. Correspond-
ing SEM images revealed organic networks and laminae as
zinc-rich regions. In contrast, the morphology of calcium- and
phosphorus-rich regions exhibited a coarse and rigid
appearance (Figure 4A).

FTIR and polarized light microscopy characterizations were
conducted on representative regions a—c for detailed composi-
tional analysis. Polarized microscopy (Figure S9) revealed
birefringent regions a and ¢ (Figure 4A), suggesting a higher
degree of mineralization. In contrast, polarized microscopy
confirmed the lack of minerals in the zinc-rich region b. FTIR
spectra from this nonmineralized area revealed that proteins
are the major component based on the strong Amide I (1653
cm™') and Amide II (1530 cm™") peaks (Figure 4C, region b).
We ruled out the possibility that the peak at 1033 cm™" is v,
PO, since this spectrum lacked characteristic v, PO, peaks,”"”
which featured prominently in two other spectra from more
mineralized regions. We therefore assigned this peak to
polysaccharides, which absorb strongly in the 1200—1000
cm™! region.60

The mineral in regions a and ¢ was identified as hydroxyl-
deficient carbonated apatite. In region a, a very strong peak
with a maximum at ~1020 cm ™" corresponding to v3 PO, and
a double peak with maxima at ~603 and 560 cm™'
corresponding to v, PO, of apatite were observed (Figure
4C).>**” The double peaks at ~1451 and 1418 cm™ were

assigned to v3 CO3, and the relatively weak peak at ~874 cm™
was assigned to v, of B-substituted carbonate.’*” Importantly,
the hydroxyl-deficient characteristic is based on the absence of
sharp peaks at ~3570 and 624 cm™ (Figure 4C).®” In region c,
the position of v, CO; at ~878 cm™ indicates that this is
predominantly type A-substituted carbonated apatite.”* Inter-
estingly, in region ¢, in addition to v5 PO, peak at ~1020 cm ™",
the carbonate peak around ~1070 cm™' also can be
visualized.*®

The amide I to v; PO, ratios in regions a and ¢ were 0.32
and 0.23, respectively, suggesting the presence of protein
content. These data are consistent with our observations that
Zn-rich organic substrates can act as scaffolds with various
nuclei for minerals to precipitate, as demonstrated in Figure 2.

EDX characterization and principal component analysis
(PCA) revealed the distribution of organic and inorganic
phases. PCA analysis on the thick filamentous network
revealed C, N, and O-rich organic regions (Figure SA, PC
1). A strong sulfur signal also was identified in PC 2. Zn—S
forms a critical biological partnership in creating the zinc finger
motif in proteins.”® In addition, sulfur-containing molecules
such as metallothionines participate in response to inflamma-
tion®” and could be potential sources for the observed sulfur
signal. The primary minerals detected were associated with
calcium and phosphorus elements in PC3, accompanied by
smaller amounts of Na and Mg in PC4. Magnesium is a crucial
micronutrient essential for the immune sgstemég’69 and can
influence mineral precipitation kinetics.”””" The concurrent
presence of P, O, Na, Mg, and Ca in PC4 suggests that sodium
and magnesium phosphate salts may coexist alongside the
predominant calcium phosphate precipitation. This observa-
tion was substantiated with PCA analyses on a highly
mineralized area (Figure SB) and a microbial colony encrusted
with an inorganic shell (Figure SC). PCA of multiple matrix
stones further verified the clustering of Zn, C, S, and N in
regions with higher zinc concentrations (red circle), while Ca,
Na, P, and Mg clustered in areas with lower zinc
concentrations (Figure sD).

XRD characterizations revealed two distinct patterns in high
zinc and high calcium regions (Figure SE). The presence of
apatite was identified in both regions. Notably, in the high zinc
region, the XRD pattern demonstrated additional peaks (blue)
on top of apatite peaks (red), suggesting the presence of
whitlockite with the formula Cas(MgFe)(PO,);PO;O0H. In
addition, XRD lattice parameters indicated that the high zinc
region exhibited a smaller unit cell volume, indicating the
incorporation of Zn and the formation of a Zn apatite phase.””

In this study, by using a top-down approach, comprehensive
correlative maps of elements, mineral phases, and molecular
composition of matrix stones emphasizing their heterogeneous
nature were presented. The outcomes of this study are based
on the analysis of surgically extracted stones, with their initial
formation unknown. However, details highlighted in this study
from micro-to macro-scales provided insights into the temporal
progression of the causative relationships and hypothesized
renal biomineralization pathways.

We have expanded upon the conventional microbe-induced
pathologic mineralization concept by emphasizing on the
intricate host and microbe biological and biochemical
interactions as upstream events that promote the biogenesis
of an organic scaffold from the urine milieu. Failed attempts to
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clear the scaffold with microbial colonies can antagonize the
host immune response, furthering the growth of organic
filamentous network. This host—microbe-derived scaffold, with
an increased affinity for heterogeneous nucleation, is destined
to undergo mineralization. If not removed from the host, it can
subsequently form a clinically detectable stone. This “hidden
effect” of the host immune response, as elusive as it may be,
should not be overlooked. This unintended host—microbe
interplay has a “double-edged sword” effect and significantly
contributes to pathological biomineralization in the calyx of the
human kidney.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.2c00060.
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