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Introduction

Nanoscale distribution of TLR4 on primary human
macrophages stimulated with LPS and ATI+

Jan Neumann, {2 2® Kira Ziegler, ! Marton Gelléri,” Janine Fréhlich- Now0|sky
Fobang Liu,? Iris Bellinghausen, (= © Detlef Schuppan, 9 Udo Birk, @
Ulrich Poschl, Christoph Cremer {2 °2 and Kurt Lucas ©

Toll-like receptor 4 (TLR4) plays a crucial role in the recognition of invading pathogens. Upon activation
by lipopolysaccharides (LPS), TLR4 is recruited into specific membrane domains and dimerizes. In addition
to LPS, TLR4 can be stimulated by wheat amylase-trypsin inhibitors (ATI). ATl are proteins associated with
gluten containing grains, whose ingestion promotes intestinal and extraintestinal inflammation. However,
the effect of ATl vs. LPS on the membrane distribution of TLR4 at the nanoscale has not been analyzed. In
this study, we investigated the effect of LPS and ATl stimulation on the membrane distribution of TLR4 in
primary human macrophages using single molecule localization microscopy (SMLM). We found that in
unstimulated macrophages the majority of TLR4 molecules are located in clusters, but with donor-depen-
dent variations from ~51% to ~75%. Depending on pre-clustering, we found pronounced variations in the
fraction of clustered molecules and density of clusters on the membrane upon LPS and ATI stimulation.
Although clustering differed greatly among the human donors, we found an almost constant cluster dia-
meter of ~44 nm for all donors, independent of treatment. Together, our results show donor-dependent
but comparable effects between ATl and LPS stimulation on the membrane distribution of TLR4. This may
indicate a general mechanism of TLR4 activation in primary human macrophages. Furthermore, our
methodology visualizes TLR4 receptor clustering and underlines its functional role as a signaling platform.

high-mobility group protein B1 (HMGB1) or heat-shock
protein 60 (HSP60). TLR4 plays a central role in many acute

Toll-like receptors (TLR) represent a family of pattern reco-
gnition receptors (PRRs) that are part of the innate immune
system."” TLRs detect damage and pathogen associated mole-
cular patterns (DAMPs, PAMPs), which subsequently triggers
the production and release of inflammatory mediators. One of
the best studied TLRs is TLR4, which is sensitive to lipopoly-
saccharide (LPS), a cell wall component of Gram-negative
bacteria.>! Moreover, TLR4 detects a broad spectrum of
different molecules that are summarized as DAMPs, such as
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and chronic inflammatory diseases such as chronic obstructive
pulmonary disease (COPD), allergic asthma or non-celiac
wheat sensitivity (NCWS).>™®

Stimulation of TLR4 through LPS is facilitated by a complex
interaction between multiple molecules. First, LPS is bound by
the soluble lipopolysaccharide binding protein (LBP), which
transfers LPS to the co-receptor CD14. The LPS-CD14 complex
in turn interacts with the TLR4-myeloid differentiation
protein-2 (MD-2) heterodimer.” ™" Binding of LPS leads to the
dimerization of the TLR4/MD-2 complex followed by a change
in receptor conformation and finally to the translocation of
the transcription factor nuclear factor ‘kappa-light-chain-
enhancer’ of activated B-cells (NF-kB) to the nucleus.”

Stimulation and subsequent downstream signaling of TLR4
is accompanied by a re-localization of TLR4 and its accessory
molecules into specific domains of the cell membrane
(reviewed in Pléciennikowska et al,'? Ruysschaert and
Lonez"®). Thereby, TLR4 is recruited into CD14 cholesterol-rich
membrane microdomains after treatment with LPS."* Since
these domains are smaller than 200 nm,">'® they are inaccess-
ible by conventional microscopy. With the advent of super-
resolution microscopy techniques,'”® various studies have
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investigated the membrane distribution of TLR4 at the single
molecule level. It has been reported that in human glioblas-
toma cells TLR4 clusters are present with a cluster size of
~50 nm.”” In mouse macrophages, another study reported an
increased TLR4 cluster size from ~380 nm to ~520 nm after
simulation with LPS.*® Moreover, it was shown that the oligo-
meric state of TLR4 in HEK 293 cells is affected, depending on
the presence of the co-receptors MD2 and CD14 as well as on
the LPS chemotype used.

In general, it is assumed that the existence of receptor clus-
ters and the recruitment of receptors into specific domains
creates a local environment that facilitates downstream
signaling and thus represents a functional or regulatory
mechanism.>*?*' Thus, an increase in the cluster size or density
of TLR4 on the membrane upon stimulation apparently pro-
motes immune responses. Of note, in the course of stimulation
the entire TLR4/MD-2/CD14 complex is endocytosed,”® which
might cause a depletion of TLR4 on the cell surface.

Our prior studies have shown that TLR4 can be stimulated
by amylase trypsin inhibitors (ATT) from wheat and thus act as
natural activators of innate immunity in monocytes, macro-
phages and dendritic cells.”**3° Moreover, ATI are major aller-
gens in Baker’s asthma.’® ATI are a family of non-gluten pro-
teins found in different cereals containing gluten such as
wheat, rye or barley.>® With wheat as a major staple in modern
societies, the daily intake of ATI is estimated at 0.5 g to 1.5 g
per person.®® Nutritional ATI are resistant to intestinal proteol-
ysis and are major causes of non-celiac wheat sensitivity,>**!
driving intestinal and extraintestinal inflammation.*?»*>7-38

During inflammation, endogenous reactive oxygen and
nitrogen species are formed that are capable of inducing
protein nitration. Moreover, during highly polluted environ-
mental conditions, proteins can be nitrated exogenously.*>™**
In a previous study, we have demonstrated that nitrated ATI
induced enhanced TLR4 stimulation, pro-inflammatory cyto-
kine secretion and T-cell proliferation.>®

To investigate if the elevated immune reactions are caused
by a change in TLR4 surface representation and distribution,
we tested native and nitrated ATI as well as the natural TLR4
agonist LPS. We used single molecule localization microscopy
(SMLM) to observe their effect on the spatial distribution of
TLR4 in primary human macrophages.

Experimental
Cell culture

Primary human macrophages were derived from peripheral
blood mononuclear cells (PBMC) isolated from leucocyte-
enriched buffy coats from healthy donors (Transfusion Center,
University Medical Center of the Johannes Gutenberg
University, Mainz, Germany; for all donors: IgE < 20 kU 177,
food- and aero-allergy negative, (CAP 0)) using Ficoll-Paque
(1.077 g ml™", Biochrom) density centrifugation. After two
washing steps with phosphate-buffered saline (PBS, Thermo
Fisher Scientific), PBMC were diluted in Isocove’s Modified
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Dulbecco’s medium (IMDM, Lonza) containing 1% antibiotic
antimycotic solution (Sigma Aldrich) and 3% heat-inactivated
(30 min at 56 °C) autologous plasma. To enrich CD14+ mono-
cytes, 2.5 x 10° PBMC were seeded per endotoxin-free glass
coverslip (R. Langenbrinck GmbH, thickness of 0.17 mm =
0.005 mm), which had been placed in a 6-well plate (Greiner
Bio-One). After 30 min incubation at 37 °C and 5% CO,, cells
were washed three times with pre-warmed PBS and the remain-
ing monocytes were incubated for 6 days in IMDM sup-
plemented with granulocyte macrophage colony stimulating
factor (GM-CSF, 200 Units ml~", Immunex) and 2% heat-inacti-
vated autologous plasma.

Treatment with LPS, ATI or nitrated ATI

Primary human macrophages grown on glass coverslips were
washed once with pre-warmed PBS. Next, cells were incubated
with either 100 ng ml™" lipopolysaccharide (LPS-EB; from
E. coli O111:B4, Invivogen), 12.5 pg ml™" ATI (a-amylase
inhibitor from Triticum aestivum, Type I, Sigma Aldrich) or
12.5 pg ml™" tetranitromethane (TNM)-nitrated ATI. All stimuli
were diluted in complete cell culture medium and incubation
was done at 37 °C and 5% CO, for 15 min and 30 min.
Afterwards, cells were washed once in PBS followed by a two-
step fixation process.”>*® First, cells were fixed in cold PBS
containing 4% formaldehyde (Thermo Fisher Scientific) and
0.2% glutaraldehyde (Sigma Aldrich). After 15 min at 4 °C, a
second fixation step was performed with the same fixation
buffer for 30 min at room temperature. Afterwards, cells were
washed three times in PBS and stored at 4 °C in PBS until
further use for immunostaining.

Immunostaining

Fixed cells were quenched for 7 min in 0.1% (w/v) sodium
borohydride (NaBH,, Sigma Aldrich). After three washing steps
in PBS, cells were blocked in 2% bovine serum albumin (BSA,
Cell Signaling Technology) dissolved in PBS for 60 min. Next,
cells were incubated for 60 min at room temperature with
10 pg ml™' mouse monoclonal anti-TLR4-antibody (ab22048,
Abcam) diluted in blocking buffer. The performance of this
TLR4 antibody has been validated in a previous study by
Zeuner et al.,”” which showed similar results in TLR4 imaging
and clustering. Then, samples were washed three times with
PBS and subsequently incubated with 20 ug ml™" F(ab’)2 goat
anti-mouse Alexa Fluor 647 secondary antibody (A-21237,
Thermo Fisher Scientific) diluted in blocking buffer for
60 min at room temperature. After incubation, the sample was
washed again three times in PBS and stained cells were post-
fixed with 4% formaldehyde in PBS for 10 min at room tem-
perature. After three additional washing steps in PBS, the
sample was embedded in Vectashield H-1000 (Vector
Laboratories) and sealed using picodent twinsil (picodent
Dental Produktions- und Vertriebs GmbH).

Localization microscopy

Experiments were conducted on a custom-built localization
microscope (for details see Fig. S1t). Alexa Fluor 647 was
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excited using a 647 nm laser (Obis, Coherent). For SMLM
imaging, the laser beam was expanded 3.125-fold, resulting in
an illuminated area of ~640 pm® in the sample plane (area of
1/e* width of Gaussian profile). The collimated laser beam was
coupled into the back port of the microscope (DM RBE, Leica)
and focused onto the back focal plane of the objective lens
(100x/NA 1.49, Olympus). After passing an emission filter
(bandpass 700/75 nm, Chroma Technology), emitted fluo-
rescent light was collected on an electron multiplying charge-
coupled device (EMCCD) camera (iXon 897 Ultra, Andor
Technology) with an effective pixel size of 95 nm.

Imaging and data processing

A region of interest (ROI) was placed on a single cell selected for
SMLM imaging. The ROI typically covered an area of ~50 pm>
to ~400 um® of the plasma membrane. From each ROI, 5000
frames were acquired with a laser intensity of 6.5 kW cm™>
(measured in the sample plane) and an exposure time of 40 ms.

To obtain the list of localizations, processing of the raw
data stacks was done using Matlab (MathWorks) and the
custom written software package Integrated Localization
Environment (ILE; https:/gitlab.com/microscopy/ILE). The
localization algorithm of ILE, which accomplishes the extrac-
tion and position determination of single molecule signals
from the raw data stacks, is based on fastSPDM."” In brief, an
initial background image was created from the first eight
frames of the raw data stack. The background image was sub-
tracted from the frames of the raw data stack and while
looping through the frames of the raw data stack the back-
ground image was continuously adjusted to account for
changes in background intensities during imaging. Next,
signal peaks were extracted from the resulting background cor-
rected images. A 7 x 7 px ROI was centered around each signal
peak exceeding a standard deviation of 2 times the noise. The
noise was considered to follow a Poisson noise model.
Extracted signal peaks were passed for subsequent position
determination. Positions with subpixel accuracy were deter-
mined by calculating the center of mass of each input ROI,
which corresponds in the absence of background (due to back-
ground subtraction) to a maximum likelihood estimation
(MLE). Close-by signals were detected by searching each ROI
from its center towards its boundaries for local intensity
minima. In case of local minima, the ROI was clipped and the
signal was recalculated or discarded when the -clipping
resulted in a loss of more than 30% of the ROI intensity. An
initial list of localizations was returned by the algorithm,
listing x- and y-coordinates of each detected single molecule as
well as information about its photon count and localization
precision. Next, the list of localization was post-processed
using ILE by first joining localizations occurring in consecutive
frames and within 2.5 times of the mean localization pre-
cision. Drift correction was done by splitting the list of localiz-
ation in 5 subsets and correlating the reconstructions of the
subsets.*®*° The shift among the subsets was interpolated and
used to correct the positions of the detected signals in the list
of localizations. No further filtering of the list of localizations
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was applied. For reconstruction of SMLM images, the single
molecule positions were blurred by a Gaussian with a standard
deviation corresponding to the localization precisions of the
respective signals.

Spatial point pattern analysis of SMLM data

A custom-written software package in Matlab (Localization
Analyzer for Nanoscale Distributions (LAND), https:/github.
com/Jan-NM/LAND) was used to analyze spatial distribution of
the detected single molecule signals. The list of localizations
was pre-processed in a first step by reconstructing the images
(via histogram binning) and cropping a rectangular ROI for
each cell that showed a homogenous distribution on large
scales; i.e. no visible gaps. For each cell, a new list of localiz-
ations was generated containing only the molecule signals
within the rectangular ROI. The new list of localizations was
used as experimental input data in the subsequent analysis,
which was performed on the basis of the single molecule coor-
dinates. Random data following complete spatial randomness
(CSR) were generated using the density of signals of the experi-
mental input data. In total, three different algorithms were
used to characterize the point pattern:

Grid-based density analysis. Detected single molecule
signals were binned on a uniform grid with a bin size of
10 nm, which corresponds to the average localization pre-
cision. For every bin, the density of signals per pm” was calcu-
lated. Each bin was subsequently divided by the mean density
of the corresponding ROI. For better visualization, bin values
larger than 20 times the ratio of bin density to mean density
have been set to 2. Values lower than 20 times of the ratio were
re-assigned between 0 and 2. Finally, bins were color-coded.
Yellow colored areas indicate clustering, whereas blue areas
indicate dispersion.

Ripley’s H-function. Ripley’s H-function®® up to a distance of
1 pm was calculated to estimate the typical domain size of the
point pattern. To account for edge effects, molecule signals
with a minimum distance of 1 pm from the image border were
extracted from the input data. A distance matrix between the
extracted point pattern and the input data was pre-computed.
The distance matrix contained only entries of distances
smaller than 1 pm. Using the distance matrix, Ripley’s
K-function was calculated:*"

K(r) =

Xy (1)
2

=1

Z| =

Here N denotes the total number of molecule signals that
are investigated, n is the number of molecule signals within a
distance r of a point p; and 4 the density of molecule signals.
The K-function was later transformed to obtain Ripley’s
H-function:

Subsequently, the Ripley’s H-functions obtained from
different donors from the same treatment were averaged and
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the maximum of Ripley’s H-function was used as an estimate
of the characteristic cluster size. Only maxima within a dis-
tance of 200 nm were considered.

Density-based spatial clustering of applications with noise
(DBSCAN). Further cluster analysis was done using DBSCAN,>?
which allows identification and visualization of individual
clusters of any shape (Fig. S2f). DBSCAN requires two user
input parameters - the radius (¢) and the minimum number of
neighboring molecule signals (minPts) within this radius.
Together, these values form a local density threshold that
determines whether the point under investigation is part of a
cluster. Initial DBSCAN parameter selection was done as
follows: the 4th nearest neighbor distances of the detected
molecules from the list of localizations for a few experimental
data sets were calculated. The nearest neighbor distances were
sorted in ascending order and plotted against the number of
molecule signals within the corresponding data set. The dis-
tance where the bend in the plot occurs was used as a starting
value for the radius parameter of DBSCAN. Next, DBSCAN was
executed with those starting parameters and further iterative
adjustment of the parameters was done by visualizing the clus-
ters and comparing the distance distribution obtained from
the molecule signals outside of clusters with a random distri-
bution (Fig. S31). Using this parameter estimation pipeline, a
value of 30 nm for the radius (¢) and a value of 6 for the
minimum number of molecule signals (minPts) were deter-
mined. With these input parameters and the list of localiz-
ations, the implemented DBSCAN algorithm first calculated a
sparse distance matrix, which contains for every molecule
signal (= single molecule) entries to molecule signals that lie
within the specified distance (¢ = 30 nm). DBSCAN was applied
to the distance matrix and points were assigned to a specific
cluster or as noise. Next, for every detected cluster the algor-
ithm generated a table containing its area, diameter, center of
mass, density, the number of molecules and the distance to
the next neighboring cluster as well as an assignment list for
every point to which cluster it belongs. This assignment list
was used to calculate the distances of molecule signals outside
of the clusters as shown in Fig. S3.1 The maximum allowable
cluster diameter was set to 1 um. If a cluster larger than 1 pm
was detected, its molecule signals were assigned as noise.

Wide-field fluorescence microscopy of TLR4

Primary human macrophages were derived and isolated from
PBMC as described before. Instead of glass coverslips, 2.5 x
10° cells per well were seeded in a glass bottom 12-well plate
(Cellvis). Fixation and immunostaining of TLR4 was done in
the same way as for the localization microscopy experiments.
Nuclei were counterstained using 4',6-diamidino-2-phenylin-
dole (DAPL; Thermo Fisher Scientific) at a concentration of
300 nM in PBS for 3 min. After incubation, cells were washed
three times in PBS. Instead of Vectashield H-1000, cells were
imaged in PBS on the Opera Phenix High-Content Screening
system (PerkinElmer). TLR4 stained cells (excitation 640 nm,
emission 650 nm-760 nm) and DAPI stained nuclei (excitation
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405 nm, emission 435 nm-480 nm) were imaged in non-con-
focal mode using a 20x/1.0 water immersion objective.

Nitration of ATI with tetranitromethane (TNM) and endotoxin
quantification

ATI were diluted in ultra-pure water to a final concentration of
1 mg ml™". 4.55 pl TNM/methanol (4% v/v) were added to
500 pl of diluted ATI. The mixture was stirred for 3 h at room
temperature. Residual TNM was removed using a PD-25 size
exclusion column (GE Healthcare). The endotoxin content was
quantified using a limulus amebocyte lysate (LAL) assay
(Thermo Fisher Scientific). Nitrated ATI solutions with a final
endotoxin content of less than 20 endotoxin units per ml
(1.3 EU pg ™" protein) were used for experiments.

Sample size

Experiments were conducted on primary human macrophages
obtained from three different healthy donors. A total of at least
25 cells were evaluated per treatment. All values refer to the
median. Number of cells used for Ripley’s H-function and
DBSCAN analysis can be found in Tables S1-S3.+

Ethics statement

Buffy coats from healthy donors were obtained anonymously
from the local blood bank (Transfusion Center, University
Medical Center of the Johannes Gutenberg University, Mainz,
Germany). The local ethical committee (Landesidrztekammer
Rheinland-Pfalz, Mainz, Germany) approved all experiments
according to the guidelines of the 1964 Declaration of Helsinki
(9th revision, 2013). Consent of participants was given in
written form.

Results and discussion

TLR4 is pre-clustered in unstimulated primary human
macrophages

To investigate the large and small-scale distribution of TLR4
on the cell membrane, unstimulated macrophages stained for
TLR4 were imaged by conventional fluorescence and localiz-
ation microscopy (Fig. 1A + B). Conventional fluorescence
images show that macrophages express TLR4. In line with
other studies,**”* we observed differences in TLR4 surface rep-
resentation between cells and variations on individual cells
(Fig. 1A, Fig. S4f). Using SMLM, finer structural details
become visible compared to conventional fluorescence
microscopy (Fig. 1B, Fig. S5f). An accumulation of
TLR4 molecules in domains at the nanometer range was
detected (Fig. 1C, ROI). To quantitatively evaluate the observed
pattern, a grid-based density analysis was performed (Fig. 1D,
ROI). It reveals that in unstimulated cells TLR4 clusters are
present that are embedded in regions reduced in TLR4 surface
representation. These regions contain small isolated clustered
regions that can be associated with fluorophores belonging to
a single TLR4 receptor. Normally, a single fluorophore may
blink several times during SMLM imaging. This results in mul-

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 TLR4 clusters on the cell membrane of primary human macrophages. (A) Conventional fluorescence microscopy image of unstimulated
macrophages stained for TLR4. Intensity-coded visualization reveals differences in TLR4 expression levels between cells and variations in its surface
representation on individual cells (white arrows). Scale bar = 50 um. (B) Combined SMLM and wide-field image of an untreated macrophage stained
for TLR4. Scale bar = 2 um. (C) TLR4 SMLM image sections of macrophages treated with LPS-EB (100 ng ml™%), ATI (12.5 pug ml™) or nitrated ATI
(12.5 pg ml™) for 15 min compared to medium control. The image section of the medium control was taken from the region of interest (ROI) indi-
cated in panel 1B. SMLM images are intensity-coded, i.e. high intensity areas correspond to an accumulation of single molecule signals. Scale bar =
500 nm. (D) Grid-based density analysis of SMLM images from panel 1C. Blue areas indicate a dispersed distribution, whereas yellow areas show

clustering of TLR4.

tiple detected signals per fluorophore, whose positions are dis-
tributed within the localization precision. Therefore, several
fluorophores coupled to a single antibody generate small
pseudo-clusters (Fig. S6, ESI Note 17). Overall, our findings
show that TLR4 molecules are present in a pre-clustered state
on unstimulated macrophages, which confirms previous
investigations on receptor clustering.>>™>”

Next, we investigated whether ATI and tetranitromethane
(TNM)-nitrated ATI have an effect on the membrane distri-
bution of TLR4. Therefore, macrophages were stimulated with
ATI or nitrated ATI for 15 min and 30 min, respectively (ESI
Note 2 + 3, Fig. S71). LPS served as a positive control. Visual
inspection and grid-based density analysis of SMLM images
from the stimulated cells revealed a clustered distribution of

This journal is © The Royal Society of Chemistry 2019

TLR4 as observed in the unstimulated samples (Fig. 1C + D,
Fig. S87).

Donor-dependent TLR4 cluster formation upon stimulation
with LPS and ATI

To analyze the effect of LPS and ATI further, the density of
molecules on the membrane was calculated for the different
donors (Fig. 2, Fig. S9AT). Already in the unstimulated state,
the donors exhibit different levels of density of molecules on
the membrane (Fig. 2A). With ~80 signals per pm?, the lowest
density of molecules was observed for donor 2, while the other
donors showed densities 4 times higher in the unstimulated
state. Differences among donors were also detected in
response to LPS, ATI and nitrated ATI (Fig. 2B-D). Donor 2 in
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Fig. 2 Molecule densities on the cell membrane are specific to the individual donors. (A) Density of molecules on unstimulated macrophages. The
colors of the boxes represent the three different donors. (B—D) Density of molecules after stimulation with LPS, ATl or nitrated ATI, categorized
according to the various donors. The boxes represent the median and the 25th to 75th percentile of the donors, whereas the whiskers cover 99.3%
of the data. The horizontal red line indicates the median value of the medium control.

particular showed an increase in the density of molecules by
about 390% and 250% compared to unstimulated cells after
treatment with LPS and ATI for 15 min (Fig. 2C). In contrast,
no change in molecule densities was found after treatment of
macrophages from donor 2 with nitrated ATI. The substantial
changes in the density of molecules seen for donor 2 after
stimulation with LPS and ATI was not observed for the other
donors (Fig. 2B + D). Apparently, these donors already had an
elevated level in the density of molecules in the unstimulated
state, suggesting that the ground state may influence later
response to external stimuli.

To analyze the clustering behavior of TLR4, the fraction of
clustered molecules and the density of clusters was calculated
for each donor separately (Fig. 3, Fig. S9B + Ct). Similar to the
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density of the molecules on the cell membrane, strong differ-
ences were present in the fraction of clustered molecules
among the donors in the unstimulated state (Fig. 3A). These
range from ~51% for donor 2 to ~75% for donor 1. For donor
2, a pronounced increase in the fraction of clustered molecules
was found after stimulation, with LPS and ATI showing the
highest increase of about 40% and nitrated ATI the lowest with
~10%. After 15 min ATI stimulation, donor 1 showed an
increase of about 7%, whereas donor 3 showed the strongest
increase after 30 min stimulation with ATI and nitrated ATI.
Furthermore, the cluster analysis revealed that on unstimu-
lated cells, approximately 2 clusters per pm? to 4.4 clusters per
pum? were present (Fig. 3B). This can be translated to a distance
of neighboring clusters between 200 nm and 320 nm, respect-

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Donor dependent clustering of TLR4 as analyzed by DBSCAN. The fraction of clustered molecules (A) and the density of clusters on the
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total 264 cells were evaluated.

ively. Comparing the density of clusters vs. the density of mole-
cules on the membrane, a positive correlation between both
variables can be found (Fig. S101). As a result, an increase in
the density of clusters on the membrane was most pronounced
for donor 2, forming about 8 clusters per pm? after 15 min of
stimulation with LPS and ATI. For donor 3, a broadening of
the cluster density distribution was recognizable after 30 min
stimulation, which may suggest a heterogeneous response to
the stimuli. The observed densities of clusters on the mem-

This journal is © The Royal Society of Chemistry 2019

brane are in agreement with previous investigations on LPS
stimulated glioblastoma cells.”

TLR4 cluster sizes remain unchanged after LPS or ATI
stimulation

The clusters were further analyzed by extracting their diameter,
the absolute number of molecules per cluster and the density
of molecules within the clusters (Fig. 4). A median cluster dia-
meter of about 44 nm was found (Fig. 4A). No significant

Nanoscale, 2019, 11, 9769-9779 | 9775
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Fig. 4 Unchanged cluster characteristics of TLR4 revealed by DBSCAN and Ripley's H-function. (A) Cluster diameter as obtained from DBSCAN ana-
lysis. The numbers above the boxes denote the number of identified clusters for panels A, C and D. (B) Average cluster size of TLR4 obtained from
the maximum of Ripley’s H-function of individual cells (Fig. S11}). (C) Number of molecules per cluster and (D) density of molecules within the clus-

ters as obtained from DBSCAN analysis. All data are presented as box plots,
kers cover 99.3% of the data.

changes in the median cluster diameter could be observed, as
the variations for each condition stayed close to the median of
unstimulated cells, within the interquartile range. To verify the
results, Ripley’s H-function was calculated (Fig. S111) and the
maximum of the function was used to derive the characteristic
cluster size (Fig. 4B). Moreover, simulations were carried out to
verify that the characteristic cluster size corresponds to the
cluster diameter (Fig. S121). As already found in the previous
analysis, cluster size remained unchanged among the samples.
Similar findings were made by Zeuner et al,”” where the
authors observed a cluster size of ~50 nm on glioblastoma cells
independent of the LPS stimuli applied. In contrast, Aaron
et al.”® reported a TLR4 cluster size of ~380 nm in unstimulated
mouse macrophages, which increased to ~520 nm after stimu-

9776 | Nanoscale, 2019, 11, 9769-9779

showing the median and the 25th to 75th percentile as boxes. The whis-

lation with LPS. Discrepancies between the studies could be
attributed to the use of different cell lines, especially a different
behavior of TLR4 in mouse cells compared to human cells.””
Alternatively, these discrepancies may be the result of inefficient
photoswitching during localization imaging,>” which can lead
to an apparently larger cluster size. It must be also noted that
our measured cluster diameter is larger than actual diameters
due to the indirect labeling system. This system consists of
primary antibody and fluorescently labeled secondary F(ab')2
fragments, which increases the distance between protein and
detection molecule. Therefore, the measured cluster diameter
represents an upper limit.

Regarding the absolute signals per cluster, on average
22 molecule signals were detected (Fig. 4C), resulting in an

This journal is © The Royal Society of Chemistry 2019
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average density within the clusters of 1.6 x 10* molecules per
pum? (Fig. 4D). As already observed for the cluster diameter, no
significant changes were observed.

Model of TLR4 receptor clustering

In our study, we have demonstrated that the majority of
TLR4 molecules are already located in clusters in unstimulated
primary human macrophages. Upon stimulation, donor-
dependent variations in the fraction of clustered molecules
accompanied by changes in the density of receptors and clus-
ters on the membrane were observed. These changes may
result from the superposition of TLR4 recruitment and endocy-
tosis processes (Fig. 5). On the one hand, TLR4 receptors can
be recruited into or around pre-existing clusters. On the other
hand, new clusters can be generated by recruitment of recep-
tors around monomers or pre-existing lower order oligomers.
Moreover, any recruitment of receptors increases the local
density of detected single molecule signals during SMLM
imaging, thus exceeding the threshold beyond which DBSCAN
detects a cluster. For both processes, replenishment of TLR4
receptors can happen from the Golgi apparatus®®® or by
translocation of receptors present on the membrane following
stimulation, Ze. into cholesterol-rich micro-
domains, also referred as lipid rafts."* These recruitment pro-

recruitment

cesses can also be assumed to take place continuously in
unstimulated cells, but the rate might differ after stimulation.
Moreover, the TLR4 receptor complex can be endocytosed
6061 Altogether, these
processes determine the density of clusters on the membrane

from the membrane after stimulation.

and the fraction of clustered molecules.
A recent study elucidated the ligand-specific receptor
dimerization of TLR4 using stoichiometric labeling of TLR4

together with quantitative single molecule localization
TLR4
Stimulus‘gi-r'::r Cluster
TLR45ﬂU » fg\ » @ N
? MyD88
5“ IRAK ']
TLR4 &
:
S—
Golgi
TRAM
TRIF
¥

Fig. 5 Schematic diagram of recruitment, clustering and depletion of
membranous TLR4. TLR4 is glycosylated in the Golgi apparatus and sub-
sequently recruited on the cell membrane.®®>° Upon stimulation, TLR4
molecules may be recruited into pre-existing clusters or form new clus-
ters by re-arrangement of TLR4 monomers. Subsequently, TLR4 recep-
tors are endocytosed,®*%* thus leading to a depletion of TLR4 from the
membrane.

This journal is © The Royal Society of Chemistry 2019
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microscopy.”® In that study, the authors were able to deter-
mine the proportion of monomeric and dimeric TLR4 com-
plexes depending on the LPS chemotype used. An extension of
these experiments to ATI might help to understand whether
the formation of clusters is accompanied by a change in the
ratio of monomers to dimers upon ATI stimulation. Such
effects would indicate stronger and focused signaling events,
which would underline together with our results the impor-
tance of receptor clusters as signaling platforms.

Conclusions

In our study, we investigated the membrane distribution of
TLR4 on primary human macrophages using SMLM. We
focused on ATI and nitrated ATI, which have been identified as
stimulating the TLR4/NF-xB pathway in macrophages and den-
dritic cells.***® Using different quantitative analysis methods,
we found that the majority of TLR4 molecules are already
located in clusters, whereby pronounced differences existed
among the donors already in the unstimulated state. Upon
stimulation with LPS or ATI, the overall fraction of clustered
TLR4 molecules increased. Moreover, we observed an overall
increase in the density of clusters up to ~8 clusters per pm>
compared to ~2 clusters per pm?* in the unstimulated state.
Furthermore, we found that the clusters have a median dia-
meter of about 44 nm, which did not change significantly after
treatment. The donor-dependent differences underline the
individuality of human samples and the need for future experi-
ments on a larger cohort of donors to get a better understand-
ing and comprehensive picture of TLR4 clustering and acti-
vation, as well as to extract possible patterns of different
response types.

Altogether, our findings suggest a donor-dependent for-
mation of clusters before and after stimulation with LPS and
ATI. This structural change could further affect functional or
regulatory processes of the TLR4 downstream cascade indu-
cing finally enhanced inflammation. Regardless of the TLR4
agonist used, we found similar structural changes suggesting a
general mechanism of TLR4 cluster formation upon
stimulation.
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