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Summary

The TIE2 transmembrane receptor protein, known for its role in vascular stability and blood vessel remodeling, has
primarily been studied in endothelial cells. This receptor has also been found on several non-endothelial cell types including
podocytes, although its presence on podocytes remains a matter of debate. Conventional immunofluorescence approaches
applied to membrane proteins are often challenged by the strong tissue autofluorescence spanning green and red parts of
the electromagnetic spectrum, sample thickness, and the antibody specificity. Here, we used stimulated emission depletion
(STED) microscopy, a super-resolution microscopy method, to detect the TIE2 protein in complex biological tissue with a
resolution of less than 50 nm. To further confirm the presence of TIE2 on podocytes and to investigate its localization, we
used fluorescence lifetime imaging microscopy (FLIM) to more effectively distinguish between nonspecific autofluorescence
and specific emission in cleared and antibody-labeled tissue samples. By correlating these two techniques, we mapped the
subcellular localization of TIE2 on mouse podocytes and confirmed its presence on the cell surface facing the Bowman’s
space, albeit at lower expression levels. This study highlights the potential complementary power of STED and FLIM
methods and provides additional evidence that the TIE2 receptor is present on podocytes. (J Histochem Cytochem
XXX X=XXX, XXXX)
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using transmission electron microscopy (TEM). Here
as well, TIE expression on podocytes was lower com-
pared with that on glomerular endothelial cells.®°
Traditional techniques used to study protein localiza-

Introduction

TIE2, the Tyrosine Kinase with Immunoglobulin and
Epidermal Growth Factor Homology Domain-2 recep-

tor, plays a pivotal role in endothelial cell survival and
vascular homeostasis, regulating blood vessel integ-
rity and new vessel formation.'= The TIE2 receptor
has also been found, albeit at lower levels, on non-
endothelial cells such as pericytes, hematopoietic
cells, and various cancer cells.*® In the kidney, TIE
receptors have been detected in rat and pig podocytes

tion, such as TEM and fluorescence microscopy, pose
certain limitations. First, immunogold labeling with
TEM enables the localization of proteins within cells
with high resolution, but this technique is laborious
and restricted to very small and thin samples.
Second, the specific preprocessing procedures
required for TEM can interfere with antibody labeling
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and result in staining artifacts,’ complicating data
interpretation. In contrast, widefield fluorescence
microscopy techniques lack the necessary resolution
to localize proteins precisely in complex tissues.
Relying on fluorescence intensity measurements can
also pose problems when the proteins of interest are
sparsely expressed or when the signal-to-noise ratio is
low due to sample heterogeneity. Furthermore, tissues
frequently display intrinsic autofluorescence, derived
from endogenous molecules such as flavins, porphy-
rins, nicotinamide adenine dinucleotide, and their
byproducts. Autofluorescence often appears and
remains present due to pre- and post-sample prepara-
tion and tissue fixation. This complicates accurate sig-
nal detection as autofluorescence interferes with the
specific fluorescent labeling.'®-'® In addition, nonspe-
cific antibody binding increases background noise and
contributes to false-positive signals.™®

In recent years, the development of new micros-
copy methods, coupled with sample optical clearing
and expansion,'® has overcome these limitations.

Super-resolution light microscopy methods, such as
stimulated emission depletion (STED) microscopy, in
conjunction with tissue clearing and expansion tech-
niques,'® have been demonstrated to be efficacious in
localizing specific molecules in tissues at a higher
resolution than conventional widefield microscopy.'”~"°
Although STED does not reach the resolution of TEM,
it surpasses that of conventional microscopy by break-
ing the diffraction limit and allowing protein localization
on the nanometer scale in large specimens (above
200 pm),'® using similar staining procedures as used
in conventional fluorescence microscopy.'” To address
the diffraction limit, which restricts the spatial optical
resolution, STED employs a dual-laser approach and
simultaneously scans a tissue with an excitation laser
and a red-shifted depletion laser, which has the shape
of a donut. The depletion laser induces a photophysi-
cal phenomenon called STED in the periphery of the
diffraction-limited confocal focus, thereby forcing the
fluorophores to return to the ground state without emit-
ting a photon. This technique effectively narrows the
excitation point, resulting in a sub-50-nm resolution
spot.1#19-21

Fluorescence lifetime imaging microscopy (FLIM)
complements conventional fluorescence intensity
detection by measuring the lifetime (or decay time) of
a fluorophore (t). Fluorescence lifetime reflects the
time that a fluorophore remains in its excited state
before emitting a photon.22 Unlike intensity-based
methods, fluorescence lifetime is an intrinsic property
of the fluorophore itself and is thus not affected by
such factors as fluorophore concentration, excitation
intensity, or photobleaching. Fluorescence lifetime
can also reflect the microenvironment of the fluores-
cent molecule: local pH, viscosity, polarity, and pro-
tein—protein interactions can affect the fluorescence
lifetime of the measured fluorophores, allowing them
to be distinguished in a complex mixture and in a
microenvironmental context.'®2223 |n indirect immuno-
fluorescence methods, autofluorescence and non-
specific binding of secondary antibodies typically
exhibit different fluorescence lifetimes compared to
specific binding events. FLIM therefore improves
image contrast and data reliability by allowing clear
discrimination between specific and nonspecific sig-
nals within a single image. 3172224

In this study, we report STED data describing the
localization of the TIE2 receptor on mouse kidney
podocytes. We support our findings with FLIM data
demonstrating that with a simple analysis strategy,
autofluorescence and nonspecific secondary antibody
binding to the tissue can be accurately distinguished
from low-expressed specific signal. Combining these
two techniques can improve spatial resolution and
enhance data reliability, particularly in samples where
nonspecific binding events present challenges.

Materials and Methods

Tissues and Antibodies

Mouse kidney tissues were kindly donated by the Ghent
University Animalarium. All procedures with animals
were performed in accordance with the Directive
2010/63/EU adopted by the European Parliament and
the Council of the European Union. Mice (Hsd:ICR
(CD-1), 4-6 months old) were sacrificed using cervical
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STED and FLIM Microscopy of TIEZ in Podocytes

dislocation, according to the protocol approved by the
Ghent University Ethics Committee on Animal Testing.
Antibodies and stains included the anti-mouse/rat
TIE-2 polyclonal goat IgG primary antibody (AF762;
R&D Systems, Dublin, Ireland) and wheat germ agglu-
tinin (WGA) conjugated to CF405M (Biotium, Huissen,
The Netherlands), secondary donkey anti-goat IgG
StarRED 638 (Abberior, Goettingen, Germany), recom-
binant Mouse Tie-2 Fc Chimera Protein (762-T2; R&D
Systems, Dublin, Ireland), rabbit anti-podocin (P0372;
Sigma-Aldrich, Schnelldorf, Germany), and its sec-
ondary donkey anti-rabbit (A-21207; Thermo Fisher
Scientific, Zaventem, Belgium).

Tissue Preparation and Immunolabeling

For tissue clearing and expansion, we used a previously
optimized protocol for mouse kidneys by Unnersjé-Jess
et al.'® Briefly, mouse kidneys were fixed in paraformal-
dehyde (4%, 3 hr) and stored in 70% ethanol (at room
temperature). Fixed kidneys were cut into 2- to 3-mm-
thick slices and transferred to a 4% acrylamide hydrogel
solution overnight at 4C. Subsequently, the hydrogel was
polymerized (37C, 3 hr, shaking) and samples were sec-
tioned on a vibratome (100 pm, Oxford Vibratome,
Sectioning System Model G, St. Louis, Missouri). Tissue
slices were cleared in SDS-boric acid clearing solution
for 18 hr (50C), followed by 6 hr (37C). Samples were
labeled with the TIE2 primary antibody (20 pg/ml, 37C,
24 hr), followed by WGA and secondary antibody stain-
ing (20 pg/ml, 37C, 24 hr) in PBS with 0.1% TritonX-100.
Between each step, samples were washed in PBS with
0.1% TritonX-100. For the antibody control samples in
which certain antibodies were excluded were kept in the
antibody buffer solution (PBS 0.1% TritonX-100) in the
same incubation conditions. Before mounting with glass
coverslips (thickness no. 1.5) and imaging, samples were
immersed in 80% fructose solution (3 hr, room tempera-
ture), protected from light. For longer storage (up to 7
days), samples were preserved in the fructose solution at
4C in the dark. The same protocol was used for the
costaining of TIE2-podocin or recombinant protein exper-
iments, with the addition that the recombinant protein
[100 pg/ml (or 1 part primary antibody to 5 parts recom-
binant protein)] was first incubated with the primary anti-
body for 2 hr at room temperature on a shaker in 1x PBS.

An in vitro droplet test using the StarRED and anti-
TIE2 antibody was performed and the following condi-
tions were tested: StarRED alone 400 pg/ml and
StarRED in the same concentration with anti-TIE2
antibody 50 pg/ml or 100 pg/ml. The antibodies were
incubated in PBS 0.1% TritonX-100 for 10 min at room
temperature before imaging.

Microscopy

In the workflow, samples were first imaged on the
FLIM system and then imaged on the STED system. In
both cases, mosaic scans of the tissue were produced,
and the glomeruli subjected to analysis were chosen
randomly (Fig. 1). The staining protocol allowed con-
sistent penetration of up to 60 um into the expanded
tissue (Fig. 2). For analysis, however, we restricted
measurements to the superficial 0 to 20 ym, with 0
being the top of the sample, to minimize depth-depen-
dent intensity variation.

Super-resolution microscopy was performed on a
STED microscope (Facility Line, Abberior Instruments,
Gottingen, Germany) using a silicon immersion
UPLSAPOB60XS objective, NA 1.3, WD 0.3 mm
(Olympus, Tokyo, Japan) installed on an Olympus
IX83 inverted microscope body. A 405 nm CW diode
and a 640 nm pulsed diode laser were used to excite
WGA and Star RED 638, respectively. Depletion of
Star RED 638 was performed by a pulsed 775 nm
laser in two dimensions (2D). All pulsed lasers had a
repetition rate of 40 MHz. Fluorescence emission was
detected by a spectral detection unit using an APD
detector (416-526 nm and 650-755 nm emission
wavelengths for WGA and Star RED 638, respec-
tively). The image was scanned unidirectionally with 1
line accumulation for the WGA and 20 line accumula-
tions for the Star RED 638. The pixel size and pixel
dwell time were set to 30 nm and 5 ps, respectively.
The pinhole was set to 1.0 AU (Airy Units). STED
images were acquired with the Abberior Lightbox soft-
ware and analyzed in ImagedJ.?®

FLIM was performed using the Stellaris 8 Falcon
FLIM (Leica Microsystems, Diegem, Belgium) inverted
microscope, based on DMi8 CS body, equipped with a
405 nm diode laser and white light laser (440—790 nm,
80 MHz), power HyD X and R detectors, HC PL APO
40x/1.25 GLYC CORR CS2, and HC PL APO 63x/1.4
OIL CS2 objectives. WGA was excited with the 405 nm
laser (non-pulsed), and intensity images were cap-
tured on a HyD S detector between 425 and 479 nm,
whereas for StarRED the excitation was set to 645 nm,
and fluorescence lifetime measurements were col-
lected using a HyD R detector. The intensity detection
range on the HyD R detector was set between 661
and 834 nm. Scanning was performed unidirectionally,
with 100 Hz speed and 1 accumulation line. The pixel
size was set between 0.081 and 0.241 pm, and the
pixel dwell time was 7.68 ps. The pinhole was set to 1.0
AU. FLIM images and phasor plots were acquired and
analyzed in LAS X and LAS X FLIM/FCS software
(Leica Microsystems).
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Figure 1. Overview of analyzed kidney tissue using mosaic scan. A: Mosaic scan of TIE2 stain on kidney tissue (intensity image); B: Mosaic scan
of Wheat Germ Agglutinin membrane staining on kidney tissue (intensity image); C: Overlay of A and B (intensity image); scale bar 100 pm.
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Figure 2. 3D reconstructions of a kidney section. Figure shows
3D intensity reconstruction of the overall organization of two
glomeruli (G) and adjacent parenchyma (P) across the depth
(Z) of 60 um; A: 3D reconstruction of the TIE2 stain, present-
ing image depth scale from 0 um (blue) toward 60 um (red).
Different panels present the different plane views (XZ, XYZ, XY,
YZ); B: 3D reconstruction presenting the TIE2 stain in the same
planes as described above; C: 3D reconstruction presenting an
overlay image of the WGA membrane stain (magenta) and the
TIE2 stain (cyan) in the different planes described above.

Image Analysis

Podocytes were identified based on their localization
and position. Within each glomerulum, only the cells
located directly at the glomerular periphery and facing
the Bowman’s space were chosen for analysis, as only
podocytes are present at this position, where they fully
envelope the glomerular capillaries. To avoid any

signal interference emerging from the Z-plane, the
analyzed image regions were selected based on the
perpendicular alignment of the podocyte bodies and
foot processes to the blood vessels.

For STED, confocal images of the WGA membrane
stain and 2D-STED images of the TIE2 stain were col-
lected. To quantify intensity profiles across regions of
interest (ROIs) in podocytes, images were analyzed
with the Clock Scan plugin® in ImageJ, ver. 2.3.0.25
The Clock Scan plugin enables average pixel intensity
quantification, both within and right outside the bor-
ders of convex-shaped ROI. The protocol collects
radial pixel intensity profiles, starting from the center of
the ROI toward the predefined border or selected dis-
tance outside the ROI. The radial scans represent
100% of the X scale, with 100% being the border of the
ROI and 0 being the ROI’s center. The ROI radius can
be automatically increased so that the measurements
also take place outside of the initial ROl borders.
Therefore, the X scale can be modified up to 200%
and the protocol scans an area outside of the initial
ROI, equal to the fraction of the radius provided.2®

The Clock Scan analysis was performed on manu-
ally traced ROls of the top half of the podocyte cell
body, with the X and Y center of the Clock Scan ROI
determined automatically by the plugin and a scan
limit (fraction of radius) of 1.20 (X scale = 120%). The
intensity readouts for both the TIE2 and WGA images
were compared at the peak intensity level on a scale of
0% to 120%, with 0% representing the center of the
ROI area and 120% representing the border of the
ROI. Figure 3 briefly showcases this approach. A total
of 28 different podocytes over two experimental repli-
cates were analyzed.

For FLIM phasor and fitting analyses, we used the
built-in phasor plot tool and fitting tool of the LAS X
FLIM/FCS software (ver. 4.6.1 or later, Leica
Microsystems). The phasor plot approach simplifies
viewing the lifetime distribution within a two-dimen-
sional (2D) graphical view by converting each image
pixel into a point on a 2D plot. Multiple fluorescent spe-
cies can be distinguished and back-gated onto the
image with the aid of integrated tools, such as the cir-
cle function or the line function.?*2 Threshold optimi-
zation was performed on the autofluorescence and
Star RED secondary antibody controls. For the phasor
plot approach, the final filters applied were the follow-
ing: Median 17, Threshold 27, Harmonic 1, and Pixel
binning 1.

The fluorescence lifetime decay curves of the traced
ROls were also fitted using a double-exponential fitting
function®® as fitting data are considered more accu-
rate, but less visual than the phasor plot approach



6 Dénes et al.

-

=
t
S}
ﬁ
Q
2>

60
20
1

15

0

4
10
T
il

Intensity, shades of grey
Intensity, shades of grey

20
T
S

1 Il 1 1 1 1 Il Il Il Il
20 40 60 80 100 120 20 40 60 80 100 120
scan length, % of radius scan length, % of radius

Figure 3. Analysis strategy to determine the maximum signal intensity for the TIE2 and WGA stains on STED images. A, B: Freehand
selection over the TIE2 signal (A) expressed on the top of a podocyte cell. The selection was copied via de ROl Manager for the WGA
staining image (B); C, D: Clock Scan Combined selected area based on the ROI previously described, for signal intensity measurements
on the TIE2 image (C), and WGA image (D). The Clock Scan protocol collects the pixel intensity in a radial manner, starting from the
center of the RO, clockwise, toward the edge of the ROI region (white arrows); E, F: Expression of the gray intensities for TIE2 (E) and
WGA (F), measured with the Clock Scan Combined plugin; correction filters applied for the TIE2 channel: Brightness and Contrast—
minimum displayed value |9; maximum displayed value 300. P = podocyte; scale bar 5 pm.
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(in total, 26 different images over three different experi-
mental replicates were used).

Statistics

A Welch’'s analysis of variance or t-test was used to
assess the lifetime measurements between the differ-
ent signal populations (autofluorescence, nonspecific
binding of the secondary antibody, specific TIE2 signal
of the blood vessel lumen or podocytes) and the maxi-
mum intensity values of the TIE2 and WGA measure-
ments obtained from the Clock Scan analysis. We
assumed no significant differences between the vari-
ous fluorescence lifetimes and no significant differ-
ences between the maximum intensity values of the
TIE2 signal and those of the cell membranes stained
with WGA. A p value lower than 0.05 was considered
significant.

Results

Verification of Podocyte Identity and TIE2-
Podocin Colocalization Attempts

In initial exploratory experiments, a podocin marker
was included to establish correct podocyte localiza-
tion. Cells located inside the glomerulum, facing the
Bowman’s space and positioned on top of glomerular
capillaries, displayed clear anti-podocin-positive cell
bodies. The slit diaphragm also showed the expected
podocin staining pattern (Fig. 4). These findings con-
firmed that the structures analyzed in subsequent
experiments corresponded to podocytes.

In an attempt to perform colocalization using the
anti-TIE2 and anti-podocin primary antibodies, cross-
reactivity between the anti-podocin and the secondary
StarRED (normally used against the TIE2 primary)
was detected (Fig. 5). Briefly, control experiments and
FLIM analysis confirmed that kidney sections stained
only with podocin and StarRED displayed signal in the
StarRED channel, despite the absence of the anti-
TIE2 primary antibody, while the podocin channel
remained negative as expected (Fig. 5A to C). This
indicates that StarRED antibodies can generate a
false-positive signal in the presence of the selected
podocin primary antibody. When both TIE2 and podo-
cin antibodies were applied, the StarRED channel
showed two distinct lifetime populations, revealing
simultaneous true TIE2 labeling and nonspecific
StarRED binding to the podocin antibody, rather than
lifetime variation of TIE2 in the slit diaphragm. In this
experiment, the podocin channel produced one single
lifetime population (Fig. 5E, F, and H). This prevented
reliable colocalization of TIE2 with podocin and

prompted us to focus on cell morphology and cell
localization based on the WGA stain as a primary
identification method for all the datasets included in
this article.

We focused further experiments on staining only
with the anti-TIE2 primary, its corresponding StarRED
secondary, and the WGA membrane stain. To ensure
that the observations were not affected by spectral
bleed-through, the spectral profiles associated with
the dye combinations used were examined (Fig. 6). No
detectable signal was present within the emission
peak of the StarRED dye (655 nm) when exciting with
the 405 laser used for the WGA dye and expected
signal was detected when exciting with the 645 nm
laser used for the StarRED dye, confirming that the
measurements in this channel were free from spectral
bleed-through or contaminating fluorescence species.

However, we noticed a considerable amount of fluo-
rescence coming from the parenchymal tissue in addi-
tion to the expected TIE2 stain and this prompted
additional investigations into potential nonspecific
binding of the antibody panel.

Characterization of Autofluorescence and
Antibody Cross-Reactivity to Validate TIE2
Immunostaining

To determine the sources of nonspecific signal and
confirm that the TIE2 signal observed on the podo-
cytes was specific, a series of control stains were per-
formed to identify autofluorescence and nonspecific
primary or secondary antibody binding.

Primary nonspecific binding was examined by using
a control experiment with a recombinant TIE2 protein.
After binding with recombinant TIE2, the TIE2 signal in
the glomerulum was abolished; however, the primary
antibody still stained the parenchyma. This indicates
nonspecific binding of the primary antibody to the
parenchymal tissue, but specific binding to the TIE2
receptor in the glomerulum (Fig. 7).

We further noted that the secondary antibody con-
tributed to additional nonspecific parenchymal stain-
ing. Based solely on fluorescence intensity, the sources
of signal could not be reliably separated. Therefore, we
employed FLIM to distinguish specific TIE2-associated
fluorescence from autofluorescence or nonspecific
secondary antibody binding.

The analysis strategy (Fig. 8) contained the follow-
ing steps: First, in the autofluorescence and second-
ary-only control datasets, we manually traced ROls
over regions with distinct lifetimes based on morpho-
logical patterns observed in the tissue [e.qg., red blood
cells (RBCs), parenchyma, nonspecific secondary
staining]. These lifetime populations were marked on
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Figure 4. Podocyte localization inside the glomerulum based on immunostaining with podocin. A: Podocytes (tip of white arrowheads)
and slit diaphragm stained against podocin (green). B: HyD R detector normally used for TIE2 detection appears with minimal autofluo-
rescence (red) as no target for TIE2 was used; C: Wheat germ agglutinin membrane stain (blue). Tip of the white arrows showcasing
the podocyte cells from A. D: Composite of A, B, and C; scale bar 40 pm.

the phasor plots, with yellow for autofluorescence and
red for nonspecific binding (Fig. 8A to L). We used the
circle tool in the phasor plots to back-gate the autofluo-
rescence and secondary antibody staining to the FLIM
images. As the lifetime distribution on the phasor dis-
played “an elongated shape,” multiple circles were
traced on the phasor to cover all lifetime species

present. To ensure that all lifetime species were
accounted for, the regions designated on the phasor
plot were determined based on the overlay of all con-
trol phasors (per experimental replicate) (Fig. 9). Next,
these control-derived cluster coordinates were trans-
ferred to the phasor plots of the TIE2-stained samples
(Fig. 85 and T). Any signal gated on the podocytes or
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Figure 5. StarRED secondary antibody binds to both anti-TIE2 primary antibody and anti-podocin primary antibody—FLIM. A, B, C:
Control experiment using the anti-podocin primary antibody [primary rabbit anti-podocin P0372 (Sigma-Aldrich)] and the Star RED
secondary antibody [donkey anti-goat IgG StarRED 638 (Abberior), normally used to bind to the TIE2 primary antibody]. The StarRED
secondary antibody in the FLIM channel (HyD R detector) shows immunofluorescent signal despite no primary antibody against TIE2
was used, indicating nonspecific binding of the Star RED secondary antibody to the anti-podocin antibody (A). The HyD X detector
(donkey anti-rabbit A-21207 detection channel) shows no visible signal as expected (B). The phasor plot (C) shows the signal population
corresponding to the nonspecific binding of the StarRED secondary antibody; D, E, F: Double immunofluorescence staining with primary
antibodies against TIE2 and podocin shows two different lifetimes in the StarRED channel, marked in blue and green (yellow arrowheads
in D), indicating contributions from both genuine TIE2 signal and nonspecific binding to the podocin antibody, and not a lifetime variation
of the TIE2 binding to the slit diaphragm. The podocin FLIM channel shows only one lifetime marked in green (E). The phasor plot (F)
shows the signal population corresponding to the StarRED (HyD R detector) and anti-podocin (HyD X detector) secondary antibodies;
G, H, I: TIE2 population (white) and podocin population (magenta) (G) corresponding to the StarRED secondary antibody signal, gated
on the FLIM image as observed on the phasor plot obtained from the HyD R detector (l). In the podocin FLIM channel (H) negligible
signal corresponding to the StarRED marked population can be observed; scale bar 40 pm.

blood vessel areas and falling within the red or yellow  marked by these control clusters (Fig. 80 and P), and
control clusters was automatically considered unreli-  we compared them with ROls created inside the blood
able and excluded from further analysis. We then cre-  vessels as internal positive controls for TIE2 staining
ated ROIs only in podocyte regions that were not (Fig. 8M and N). We color-coded these positive signal
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Figure 6. Emission spectra after excitation with 405 and 645
nm lasers. A: Emission spectra of different conditions as acquired
post excitation with the 405 nm laser. Samples that contained
WGA (yellow, orange, pink) presented with a peak fluorescence
intensity around the 450 nm wavelength while the sample not
containing the WGA stain (green) only showcased a minimal
increase in fluorescence intensity similar to that of the auto-
fluorescent control (blue). While exciting with the 405 laser,
no sample showed an intensity increase at around the 650 nm
wavelength. This suggests that the 405 laser we use to excite the
WGA dye does not affect the StarRED dye, nor does the WGA
stain leak in the StarRED spectral channel; B: Emission spectra
of different conditions as acquired post excitation with the 645
nm laser. Samples containing the StarRED dye (green, yellow,
and orange) showcased an increase in fluorescence intensity at
around the 650 nm wavelength and a slow decrease toward the
infrared spectrum. Samples not containing StarRED dye (pink and
blue) did not show an increase in intensity. This suggests that the
645 nm laser used to excite the StarRED dye does not affect the
WGA dye; thus, no interference from this dye can be observed in
the StarRED spectral channel.

clusters in white (Fig. 8Q and R). This strategy shows
that TIE2-positive podocyte signals were separated
from autofluorescence and nonspecific binding.

Data obtained were analyzed using both the phasor
plot approach and the fitting approach. The tissue
autofluorescence signal was almost completely
removed by applying correction thresholds, suggest-
ing that this signal is minimal and negligible. Only the
signal coming from within the blood vessels, most
likely from the RBC, could not be filtered out. The clus-
ters corresponding to RBCs had an average lifetime of
1.54 ns based on the phasor plot analysis and 1.51 ns

based on the fitting approach when considering the
amplitude weighted values (Fig. 10 yellow box plots).

For the StarRED nonspecific binding control, we
separated the signal into clusters that varied slightly
from image to image with an average lifetime of 2.64
ns for phasor or 2.84 ns for the fitting analysis (Fig. 10
red box plots).

Lifetime Populations and Precise Subcellular
Localization of the TIEZ Receptor on Mouse
Kidney Podocytes

We then used FLIM to identify the specific anti-TIE2
stain on glomerular endothelial cells and podocytes,
and STED to determine the precise subcellular local-
ization of the TIE2 receptor on the podocyte cells.

For the FLIM approach, to determine the correct
fluorescence lifetime corresponding to the positive
TIE2 staining, data were again analyzed using both
the phasor plot method and the fitting method. For the
phasor plot approach, two clusters of fluorescent sig-
nal were identified. The first cluster encompassed the
signal coming from the positively stained endothelial
cells, with an average lifetime of 1.95 ns (min.: 1.74 ns,
max.: 2.18 ns). The second cluster corresponded to
the podocyte TIE2 and had an average lifetime of 1.95
ns (min.: 1.74 ns, max.: 2.29 ns). Both clusters followed
similar trends on the phasor plot, with the podocyte
cluster overlapping the endothelial cell cluster (Fig.
11). Similar results were obtained based on the fitting
analysis with lifetime values of 1.90 ns (min.: 1.69 ns,
max.: 2.10 ns) for the endothelial cells group and 1.91
ns (min.: 1.65 ns, max.: 2.12 ns) for the podocyte group.
The statistical analysis confirmed that there were no
significant differences between the values in these two
clusters in terms of fluorescence lifetime (p>0.05),
supporting the theory that the signal observed on the
podocytes was indeed coming from the TIE2 protein.

We considered the TIE2 values obtained from the
podocytes and from the endothelial cells as one group.
To assess the significance of the differences between
the values obtained using the phasor plot versus the
fitting method, we compared each group (TIE2 signal,
nonspecific binding of the secondary antibody control,
and autofluorescence control) obtained from the pha-
sor plot analysis with the same group obtained with
the fitting analysis (Fig. 10). This analysis yielded simi-
lar values for both the phasor plot and the fitting meth-
ods for two of the groups. The p values indicate that
the TIE2 (p=0.240) and autofluorescence (p=0.724)
measurements were not significantly different when
comparing the phasor and fitting methods. However,
the nonspecific binding groups showed a statistically
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Figure 7. TIE2 staining in the presence or absence of TIE2 recombinant protein. A: TIE2 staining of a kidney glomerulum (intensity
image); B: Wheat Germ Agglutinin membrane staining on a kidney glomerulum (intensity image); C: Overlay of A and B; D: TIE2 staining
of a kidney glomerulum in the presence of a TIE2 recombinant protein (Recombinant Mouse Tie-2 Fc Chimera Protein, catalog number
762-T2, R&D Systems). In the presence of the recombinant protein, the TIE2 specific signal inside the blood vasculature disappeared.
Signal from the parenchyma remained visible, suggesting that the primary antibody binds nonspecific to the tissue and specific to the TIE2
target; E: Wheat Germ Agglutinin membrane stain of a kidney glomerulum (intensity image); F: Overlay of D and E (intensity image);

scale bar 20 pm.

significant difference between the phasor plot and the
fitting approach (p=0.021). This suggests that the two
techniques are best used as complementary as the
fitting method can be more sensitive to complex micro-
environmental setups.

We then compared the TIE2 group with the nonspe-
cific binding group and the autofluorescence group
obtained from the phasor plot. These groups differed
significantly from each other (p<0.05), confirming that
the signal is distinct and can be separated between
the three groups. The same result was obtained when
comparing the three groups obtained with the fitting
method with a p<0.05. This confirmed that the analysis
strategy allowed us to accurately separate the three
groups analyzed.

Of note, we observed a decrease in fluorescence
lifetime between the positive TIE2-stained clusters
and the nonspecific secondary antibody control. To

investigate whether this decreased lifetime could be
caused by the interactions of the secondary antibody
binding to the primary antibody, an in vitro droplet test
with only these two antibodies was performed. The
overall fluorescence lifetimes were similar when ana-
lyzed based on phasor plot and fitting method and
were as follows: 3.224 ns (phasor) and 3.108 ns (fit-
ting) for the StarRED 400 pg/ml (Fig. 12A), 2.907 ns
(phasor) and 2.796 ns (fitting) for the StarRED bound
to the anti-TIE2 antibody 50 pg/ml (Fig. 12B), and
2.497 ns (phasor) and 2.291 ns (fitting) for the StarRED
bound to the anti-TIE2 antibody 100 pg/ml (Fig. 12C).
This confirms that the protein—protein interaction
between the StarRED secondary antibody and the
anti-TIE2 primary antibody leads to a decreased over-
all lifetime measured in the StarRED channel, inde-
pendent of tissue microenvironment and dependent
on the proportions between the two solutions.
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the red blood cells (yellow) (C) as marked on the overall phasor plot (D); E, G, I: Fast-FLIM image of secondary antibody nonspecific
binding in the StarRED spectral channel. Different sets of ROls were traced on the images, each set corresponding to one image (E,
G, or ) (yellow arrowheads); F, H, J: Phasor plots representative for the secondary antibody nonspecific binding ROl populations, as
traced on their corresponding image (E, G, or I); K, L: Gated nonspecific secondary antibody binding (red) and autofluorescence (yel-
low) (K) as marked on the overall phasor plot (L); M, O: Fast-FLIM image of TIE2 staining on the StarRED spectral channel. ROIs were
traced based on morphological patterns and lifetime color coding over the blood vessel lumen (M) and podocyte cell body (O) (yellow
arrowheads) excluding regions marked by the previous mentioned controls; N, P: Phasor plots representative for the vessel lumen TIE2

Figure 8. (continued)
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ROIs (N) and podocyte TIE2 ROlIs (P); Q, R: Gated TIE2 signal population (white) (Q) as observed on the overall phasor plot in panel
R; S: TIE2 signal population gated in white, nonspecific binding population gated in red and autofluorescence population gated in yellow
on the Fast-FLIM image in the StarRED spectral channel as observed on the overall phasor plot in panel T; T: Phasor plot representing
the overall fluorescence lifetime collected for the TIE2-stained samples. White circle delimits the TIE2 lifetime population, red circles
determine the nonspecific binding of the secondary antibody populations and the yellow circle delimits the autofluorescent population;
for visual aid and for the purpose of this representation only, white lines were traced, post-analysis, over the selected ROI regions; scale

bar A, C60 um, E, G, I, K, M, O, Q, S 40 pm.
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Figure 9. Overlay of multiple phasor plot distribution coordinates of control and positive stained samples. A: Fluorescence lifetime
distribution on the phasor plot of the autofluorescence RBC; B: Fluorescence lifetime distribution on the phasor plot of the StarRED
secondary antibody control C: Fluorescence lifetime distribution on the phasor plot of the StarRED secondary antibody bound to anti-
TIE2 primary antibody; D: Composite of panels A, B, and C. It can be observed from the image that the addition of the primary anti-
body shifts the overall measured fluorescence lifetime. To obtain the overlay images, all phasor plots analyzed within the experimental

replicates were used.

Finally, to precisely define the subcellular localiza-
tion of TIE2, we analyzed the STED datasets. Using
2D-STED and confocal microscopy, we observed TIE2
signals on the podocytes cell bodies facing the
Bowman’s space. The intensity of the TIE2 signal was
significantly lower compared with that of glomerular
endothelial cells, which were used as positive controls
(Fig. 13A to C). Notably, the STED analysis revealed
minimal TIE2 staining in some regions of the major
foot processes.

To confirm that the TIE2 signal was found on the
cell membrane, a Clock Scan analysis (Fig. 3) was
used to determine the signal intensity distribution on
the podocyte cell body (Fig. 13D to F). Based on this,
the maximum signal intensity of both TIE2 and WGA
(membrane stain) was consistently plotted at similar

distances from the ROI center—100% for TIE2 and
101% for WGA (Fig. 13G). Statistical analysis indicated
that there was no significant difference between the
values. This overlap supports the conclusion that TIE2
is localized on the podocyte cell surface.

Discussion

In recent years, various methods have emerged to
enable deeper analysis of tissues at cellular and sub-
cellular levels. Techniques such as Stochastic Optical
Reconstruction Microscopy, Photoactivated Localization
Microscopy, and Point Accumulation in Nanoscale
Topography offer lateral and axial resolutions ranging
from 20 to 50 nm."” When coupled with tissue clearing
and expansion protocols, STED approaches these
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limits, achieving 30 nm in the x-y plane and 70 nm in the
z-plane.'®'” Although FLIM does not achieve such high
resolution, it has significantly affected live confocal and
multiphoton microscopy, especially in the fields of cell
metabolism or intramolecular interactions (FRET).??
Notably, FLIM provides an additional layer of informa-
tion in interpreting fluorescent data, as it helps to distin-
guish overlapping spectral fluorophores based on their
lifetime.™ STED and FLIM have already been devel-
oped a couple of decades ago, but the complex algo-
rithms used for data acquisition and analysis, lack of
suitable fluorophores, and the high costs prevented
their wide use. This is now rapidly changing, with the
development of more automated data analysis solu-
tions, machine learning, and new phasor FLIM analysis
methods.3%-33 However, optimal dual STED-FLIM sys-
tems of comparable functionality are not yet widely
available.

Previous studies focused on the advantages that
FLIM brings to STED imaging in terms of increasing
the final image resolution.3* An early study showcased
the potential of the dual system as it enabled the visu-
alization of individual actin structures in natural killer
cells.3 Another recent study underscored the advan-
tages of adopting a STED-FLIM approach in multila-
beled samples featuring five different fluorophores.
Signal separation based on phasor plots demonstrated
that the combination of both methods enabled the
separation of spectrally similar fluorochromes within
the same spectral channel on both confocal and, with
greater resolution, STED-acquired images.*®

Here, we used STED and FLIM individually and cor-
related the results. STED provided precise target local-
ization, whereas FLIM helped to distinguish specific
TIE2 signals from autofluorescence and nonspecific
binding of the secondary antibody.

Despite using well-optimized tissue clearing proto-
cols that promote antibody penetration to a depth of 60
pum'® (Fig. 2), residual tissue autofluorescence and
nonspecific secondary antibody binding remained
present in our samples (Fig. 8). FLIM allowed us to suc-
cessfully separate autofluorescence, nonspecific bind-
ing to the tissue of the secondary antibodies, and the
TIE2-specific signal (Figs. 8 and 11). Additional spectral
analysis (“lambda scan”) confirmed that there were no
interferences from the WGA staining in the StarRED
channel (Fig. 6). For the STED images and based on
intensity readouts, we could not fully separate the sec-
ondary antibody nonspecific binding to the tissue from
the positive signal. However, our controls showed lower
intensity readouts in the secondary antibody samples
compared with the primary antibody-labeled samples,
supporting the hypothesis that the secondary antibody
binds nonspecifically to the tissue. By correlating this
with the data from the FLIM analysis, we interpret that
the signal captured with STED in the positively stained
samples originated from a specific interaction of sec-
ondary antibody to the primary antibody against TIE2.
This example highlights the potential advantages of a
dual STED-FLIM approach, where FLIM can distin-
guish between autofluorescence, nonspecific binding,
and the specific signal that is accurately localized by
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STED. It should be noted that within our experimental
conditions, potential nonspecific binding of the primary
antibody could not be differentiated with FLIM. In posi-
tive samples, lifetime values for TIE2 ROls of blood
vasculature and of podocytes were similar to the

lifetime values of certain parenchyma ROls, indicating
that the primary antibody binds to TIE2 or to conforma-
tionally similar receptors in the parenchyma. We could
not detect significant changes in the lifetimes of
these areas, indicating that the microenvironment or
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Figure 12. Fluorescence lifetime comparison between StarRED secondary antibody and StarRED bound to primary anti-TIE2 antibody
in an in vitro droplet test. A: Fluorescence lifetime distribution on the phasor plot of the StarRED secondary antibody (400 pg/ml);
B: Fluorescence lifetime distribution on the phasor plot of the StarRED secondary antibody (400 ng/ml) bound to anti-TIE2 primary
antibody (50 pg/ml); C: Fluorescence lifetime distribution on the phasor plot of the StarRED secondary antibody (400 pig/ml) bound to
anti-TIE2 primary antibody (100 pg/ml); D: Composite of panel A, B, and C. It can be observed from the image that the addition of the

primary antibody shifts the overall measured fluorescence lifetime.

protein—protein interactions do not sufficiently alter fluo-
rescence lifetime to distinguish binding specificity of
the primary antibody. To tackle this, a control experi-
ment with a recombinant TIE2 protein was performed
that showed primary antibody staining the paren-
chyma, despite saturation, suggesting nonspecific
binding to tissue but specific binding to the TIE2 recep-
tor (Fig. 7).

For the FLIM data measurements, two different
methods were used to analyze the cluster signals,
namely, the phasor method and the fitting method, and
each respective group (TIE2, autofluorescence control
and secondary antibody control) was compared with its
counterpart (Fig. 10). The analysis showed that for two
groups (TIE2 and autofluorescence), there was no sig-
nificant difference between the values obtained through
the phasor plot method versus those obtained through
the fitting method. For the third group (secondary anti-
body nonspecific binding control), the difference was
significant between the values obtained with the two
methods. This suggests that for a more clear and objec-
tive data analysis, both methods should be used
together. Although the fitting method is more suscepti-
ble to user bias when selecting the decay model, it can

capture finer lifetime details coming from more com-
plex heterogeneous decay dynamics, and the phasor
plot offers an intuitive overview over the multiple fluo-
rescent populations present in a sample. However,
within each method, there was a clear statistically sig-
nificant difference between the three groups analyzed
(TIE2 signal vs. nonspecific binding of the secondary
antibody control vs. autofluorescence control), confirm-
ing that the cluster groups we analyzed were different
and came from separate signal populations.

Our analysis focused on the podocyte cell body,
and we employed a method of cell recognition based
on cell morphology and localization. In the initial
exploratory experiments, anti-podocin was used to
identify podocytes. Results showed that the cells fac-
ing the Bowman’s space and sitting on top of the glo-
merular tuft were positively stained (Fig. 4). These
experiments confirmed correct localization; however,
due to the cross-reactivity between the podocin pri-
mary and the secondary StarRED (normally used
against the TIE2 primary) antibodies (Fig. 5), we
decided to focus on cell morphology and localization
based on the WGA stain as a primary identification
method for all the datasets included in this article.
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While recognizing this as a limitation, due to the spe-
cific morphology and localization of the podocytes,
especially when using high-resolution microscopy,
these cells are quite easily distinguished when
located at the periphery of the glomerular tuft and in
cross-sections where they appear in a perpendicular
orientation toward the blood vessels. Thus, podocin
removal did not compromise further analysis
strategy.

We found that TIE2 is mainly localized on the cell
surface of the podocyte cell body (Fig. 13). Lifetime
measurements of ROIs representing podocytes and
ROIs representing the glomerular vasculature were
statistically similar, strengthening our hypothesis that
the TIE2 receptor is predominantly localized on the
podocyte cell body. Compared with glomerular endo-
thelial cells and based on fluorescence intensity data,
we observed a lower expression of the TIE2 on the
podocyte cells. This is consistent with the previous
reports, which suggest that TIE2 has lower expression
in non-endothelial cells.*#>° Apart from occasional
staining in some of the major foot processes of the
podocytes, no TIE2 signal was observed in the slit dia-
phragm. However, due to the correction thresholds

applied during analysis, we cannot fully rule out the
presence of the TIE2 on the slit structure. Furthermore,
WGA was selected for its compatibility with STED
imaging and its ability to label the membranes of cells
surrounding the capillary lumen. However, it also
stains the slit diaphragm and the glomerular basement
membrane nonspecifically, which complicates the
analysis of these compartments. To confirm the pres-
ence or absence of the TIE2 receptor in the slit dia-
phragm, a counterstain with a slit diaphragm marker
such as podocin should be performed. In our experi-
ment, the nonspecific binding of the StarRED second-
ary antibody normally used against TIE2 to the podocin
primary complicated this approach. Additional podo-
cyte markers such as synaptopodin or Wilms’ Tumor 1
(WT1) or a different podocin marker could also be
used to confirm colocalization on the cell body and to
strengthen the podocyte identification strategy. The
use of secondary antibodies spectrally and chemically
distinct from those employed here could represent a
viable alternative. However, the Abberior dyes pos-
sess superior fluorophore labeling, making them ideal
for STED imaging even at the expense of decreased
binding specificity within our experimental conditions.
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The presence of the TIE2 receptor on mouse podo-
cytes prompts for future research of the functionality of
the receptor in these cells. The TIE2 ligands are part of
the angiopoietin family with angiopoietin 1 and angio-
poietin 2 being the most widely studied. In pericytes,
angiopoietin 1 stimulation results in increased cellular
survival upon tumor necrosis factor-alpha—induced
apoptosis and increased cell migration. On the con-
trary, angiopoietin 2 increases apoptosis but does not
interfere with pericyte migration.* As podocytes are
considered to be pericyte-like cells, we speculate that
these ligands can potentially influence the podocytes
through the TIE2 receptor, making the angiopoietin-
TIE system an interesting target for treatment for vari-
ous podocytopathies.

Our findings contribute to the limited body of litera-
ture supporting the presence of the TIE2 receptor on
podocytes. Although seemingly lower expressed com-
pared with endothelial cells, the presence of the TIE2
on podocytes warrants further investigation of its func-
tions in these cells. Understanding these interactions
may provide new insights into podocyte biology and the
broader mechanisms of kidney function and disease.

Our study also highlights potential advantages of
correlating STED and FLIM. With STED’s increased
resolution and FLIM’s lifetime parameter, a dual sys-
tem combining these two techniques could improve
the pitfalls of common autofluorescence staining and
allow for a better interpretation of fluorescent signals
from low-expressed targets, even in challenging condi-
tions such as thick (100 um) optically cleared kidney
samples, with high background fluorescence and lim-
ited antibody availability.
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