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BIOPHYSICS

Macrophage activation on “phagocytic synapse” arrays:
Spacing of nanoclustered ligands directs TLR1/2

signaling with an intrinsic limit

Miao Li1, Haomin Wangz, Wengian Li1, Xiaoji G. Xuz, Yan Yu'*

The activation of Toll-like receptor heterodimer 1/2 (TLR1/2) by microbial components plays a critical role in host
immune responses against pathogens. TLR1/2 signaling is sensitive to the chemical structure of ligands, but its
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dependence on the spatial distribution of ligands on microbial surfaces remains unexplored. Here, we reveal the
quantitative relationship between TLR1/2-triggered immune responses and the spacing of ligand clusters by de-
signing an artificial “phagocytic synapse” nanoarray platform to mimic the cell-microbe interface. The ligand
spacing dictates the proximity of receptor clusters on the cell surface and consequently the pro-inflammatory
responses of macrophages. However, cell responses reach their maximum at small ligand spacings when the
receptor nanoclusters become adjacent to one another. Our study demonstrates the feasibility of using spatially
patterned ligands to modulate innate immunity. It shows that the receptor clusters of TLR1/2 act as a driver in
integrating the spatial cues of ligands into cell-level activation events.

INTRODUCTION

The assembly of membrane receptors and signaling molecules into
nano- and micrometer-sized clusters during cell activation is a prom-
inent phenomenon shared by a diverse set of immune cells, includ-
ing T cells (1), B cells (2), and natural killer cells (3). Extensive studies
revealed that the receptor clusters serve as signaling units where the
molecular composition, protein interactions, and reactions are tightly
regulated (4-8). In contrast, the phenomenon of receptor clustering
in phagocytes, such as macrophages, is not as well understood. Some
receptors, including Toll-like receptors (TLRs) (9-11), C-type lectin-
like receptors (12, 13), and CD14 (14, 15), have been found to form
nano- or microclusters on phagocytic cell membranes. However,
the functional role of such spatial organization of receptors in
innate immune regulation has only been explored in a few studies.
A pioneering study on this front is the discovery of “phagocytic
synapse,” which describes the large-scale clustering and segregation
of Dectin-1 receptor at the interface between the macrophage cell
membrane and the fungal cell wall (16). Similar phenomenon was
later reported for a different receptor, Fc receptor (FcR) (17). It was
proposed in both studies that the clustering of receptors and their
spatial segregation from inhibitory partners provides a mechanism
for sustained signaling. We reported recently that innate immune
responses depend on not only the clustering of receptors but also
the proximity between them. We showed that Dectin-1 and TLR2
nanoclusters must be brought to proximity of <500 nm to achieve
synergistic antifungal response (18). These few studies highlight the
important roles that receptor clusters play in phagocytic immune
functions. However, the observations so far have been qualitative in
nature and too few to establish the connection between receptor
clustering and the activation of innate immune cells.

Among various groups of innate immune receptors, the hetero-
dimer TLR1/2 plays a critical role in eliciting host defense responses
against pathogens (19) and in enhancing the efficacy of antibody-
based immunotherapies (20). TLR1/2 recognizes a diverse range of
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microbial components, particularly lipoproteins and lipopeptides,
and triggers different levels of immune responses depending on the
molecular structure (21-23) and the presentation form (soluble or
surface bound) of ligands (24-26). It is unclear how TLR1/2 modu-
lates the immune responses to achieve both specificity and diversity
of detection. Although it has been speculated that the TLR1/2 re-
ceptor clustering might play a role (27, 28), the exact mechanisms
are unknown.

On the basis of our previous study showing the importance of
Dectin-1 and TLR2 proximity in immune regulation (18), we hy-
pothesized that TLR1/2 receptor clusters act as an apparatus to dif-
ferentiate not only the type of ligands but also how the ligands are
spatially organized. In this study, we tested this hypothesis by devel-
oping an artificial phagocytic synapse platform. On this platform,
macrophages are activated by arrays of nanodisks that are coated
with TLR1/2 ligand and surrounded by FcR ligands. We tuned
spacing of the ligand nanodisks while simultaneously measuring
cell responses. We show that the macrophage pro-inflammatory re-
sponses, including cytokine secretion and transcription factor acti-
vation, depend monotonically on the spacing of ligand nanodisks,
because the ligand spacing directly controls the proximity of acti-
vated receptor nanoclusters. The smaller the spacing, the closer the
TLR1/2 nanoclusters are to one another on the cell membrane, and
the more intense cell activation becomes. There is, however, an in-
trinsic limit. The TLR1/2 nanoclusters maintain a minimal center-
to-center proximity of ~700 nm even if ligands are densely packed.
The result indicates that when the TLR1/2 clusters are adjacent, the
immune responses reach the maximum. Our study establishes a
quantitative dependence of cell response on the lateral arrangement
of ligands. It provides direct evidence that the proximity of TLR1/2
receptor nanoclusters modulates immune responses in macrophages.

RESULTS

Fabrication of bifunctional nanoarrays

In our artificial phagocytic synapse nanoarrays, TLR1/2 binding
sites were presented as arrays of nanodisks surrounded by a field of
ligands for FcRs (schematic illustration in Fig. 1A). The first step in
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creating such bifunctional nanoarrays was to create regular arrays
of gold nanodisks on glass coverslips using electron beam lithogra-
phy and sequential metal vapor deposition (detailed processing flow
in fig. S1). The gold nanodisks were 500 nm in diameter and 45 nm
in height. Several nanoarrays were manufactured, each with a uni-
form center-to-center interdisk spacing. Spacings of 1.0, 1.5, 2.0, or
2.5 um were used (Fig. 1B). A nanodisk diameter of 500 nm was
chosen because our previous study showed that activated TLR2 re-
ceptors on macrophage cells form nanoclusters of 500 to 900 nm in
diameter (18). Each patterned substrate used in this study contained
four nanoarrays, with each of the four different nanodisk spacings.
This allowed all nanoarrays to be functionalized with ligands in the
same way, and therefore, cell responses on different nanoarrays
could be directly compared. The second step in creating the nano-
arrays was to selectively conjugate ligands for TLR1/2 and FcRs on
different areas of them. Synthetic triacylated lipopeptide Pam3;CSKy
(referred to as “Pamj;”), which binds to TLR1/2 (29), was conjugated
onto the gold nanodisks through sequential thiolation and carboxyl-
amine coupling. The glass surface surrounding the Pam;-functionalized
nanodisks was functionalized with immunoglobulin G (IgG), which
binds to FcRs. Biotinylated IgG was tethered to a layer of polyethylene
glycol (PEG) on the glass substrate through biotin-streptavidin
linkage. The PEG layer acted as a cushion so that IgG was presented
at a similar height as Pamj. We confirmed the selective conjugation
of ligands on the nanoarrays using fluorescence microscopy.
Rhodamine-labeled Pamj; was observed on the gold nanodisks and
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Alexa Fluor 488-labeled IgG in the surrounding areas, with negli-
gible cross absorption (Fig. 1, C and D, and fig. S2). The conjuga-
tion density of ligands was estimated to be (5.84 + 2.72) x 107 Pams
molecules/um? on gold nanodisks and (1.00 + 0.30) x 10* IgG/um*
on the surrounding area (fig. $3). This observed IgG surface density
is comparable to that under physiological conditions, as previous
studies reported 10* to 10° IgG/um? on the surface of Streptococcus
pyogenes after immersion in human plasma and saliva (30). We also
expect that the actual conjugation density of Pamj is lower than the
estimated value because of the indirect method used for the estima-
tion (see details in the Supplementary Materials). The topography
and presence of Pams molecules on the gold nanodisks were further
characterized using peak force infrared (PFIR) microscopy (Fig. 1,
E and F). PFIR microscopy is a spectroscopic scanning probe tech-
nique that combines atomic force microscopy (AFM) with IR detec-
tion to enable simultaneous mechanical and chemical measurements
of samples at high spatial resolution (31). We mapped the IR absorp-
tion on the nanoarrays at a frequency of 1660 cm™', which corre-
sponds to the C=0 bond stretch vibrations in amide I in peptides.
We confirmed that Pamj was distributed uniformly on the gold
nanodisks (Fig. 1F).

Receptor activation and reorganization on nanoarrays

We first sought to demonstrate whether the arrays of Pam; nanodisks
would lead to the reorganization of TLR1/2 on macrophage cell mem-
branes. To demonstrate this, we incubated RAW264.7 macrophage
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Fig. 1. Bifunctional artificial phagocytic synapse nanoarrays with tunable ligand spacing. (A) Schematic illustration of the nanoarrays on which patterned Pam;
(TLR1/2 ligand) is surrounded by a field of IgG (FcRs ligand). Pams was conjugated onto arrays of gold nanodisks through sequential thiolation and carboxyl-amine cou-
pling. IgG was tethered on the surrounding glass areas through streptavidin-biotin binding with PEG spacers. 11-MUA (11-mercaptoundecanoic acid). (B) Dark-field images
showing gold nanodisk arrays of varied spacing (from left to right: 1.0, 1.5, 2.0, and 2.5 um; scale bar, 5 um). Insets: SEM images of the arrays (scale bar, 2 um). (C) Fluorescence
images showing the rhodamine-labeled Pam; on gold nanodisks and Alexa Fluor 488-labeled IgG on the surrounding glass substrate (scale bar, 10 um). (D) Fluorescence
intensity line profiles of Pams and IgG along the lines marked in (C). (E) Topographic images of a representative nanoarray (scale bar, 500 nm). (F) IR absorption mapping

of the bifunctional nanoarray at a frequency of 1660 cm™".
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cells on the bifunctional nanoarrays for 30 min and examined the
activation of both TLR1/2 and FcR and their spatial organization
using immunofluorescence staining [Fig. 2A, (i)]. We compared
these cells with several controls. Cells in one set of control exper-
iments were activated on the nonpatterned substrates that were
covalently coated with a homogeneous mixture of Pamj; and IgG
[Fig. 2A, (ii)]. Cells were also incubated on bare gold nanoarrays
and nonpatterned glass surfaces without ligands [Fig. 2B, (i and ii)].
Activation of TLR1/2 receptors was indicated by staining for the
presence of a cytoplasmic adaptor protein called myeloid differenti-

ation primary response 88 (MyD88). This protein is known to bind
to activated TLR1/2 and to facilitate downstream signal propagation
(32). Similarly, the activation of FcR was indicated by the presence
and staining of phosphorylated spleen tyrosine kinase (pSyk), which
facilitates FcR signaling (33). We found that on ligand-coated non-
patterned substrates, both MyD88 and pSyk appeared in nanoclus-
ters, but these nanoclusters were distributed over the cell-substrate
interface with no particular organization. In contrast, the MyD88
nanoclusters in cells on ligand-coated nanoarrays were aligned with
the pattern of the Pams nanodisks, whereas the distribution of pSyk
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Fig. 2. TLR1/2 reorganization and cell spreading. (A and B) Bright-field and fluorescence images show immunostained MyD88 and pSyk in RAW264.7 macrophage cells
fixed for 30 min after spreading on nanoarrays (i) and flat glass surface (i) with (A) and without (B) ligand functionalization (scale bar, 5 um). (C) SEM images of cells spread-
ing on various substrates: (i) nanoarrays with Pams and IgG, (ii) flat glass substrates uniformly coated with Pams and IgG, (iii) nanoarrays without ligands, and (iv) flat glass
substrates without ligands (scale bar, 5 um). (D) Quantification of the number of filopodial protrusions after 6 hours of cell culture on nanoarrays and flat glass substrates
in the presence of Pams and IgG. Each data point represents result from a single cell and moved horizontally to avoid point overlay. Bar plots represent average + SD. Sta-
tistical significance, assessed using two-tailed Mann-Whitney U test specifically for two-group comparison, is highlighted by P values as follows: *P < 0.05.
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nanoclusters remained unchanged [2.5-um spacing data shown in
Fig. 2 (A and B) and others shown in fig. S4]. Line scan profiles of
fluorescence intensity show consistent distribution of MyD88 nano-
clusters on the gold nanodisks (fig. S4C), indicating uniform inter-
action of cells with the Pams nanodisks underneath.

In control experiments in which cells were incubated on bare
nanoarrays or nonpatterned glass substrates without ligands, we
observed no cluster formation for either MyD88 or pSyk (Fig. 2B).
The overall immunofluorescence intensity for both proteins is also
significantly lower on the substrates without ligands. The differences
in immunofluorescence results mean that the recruitment of MyD88
and pSyk and their formation of nanoclusters on the bifunctional
nanoarrays are not due to fluorescence enhancement effect from
the gold coating on nanodisks. Instead, they indicate the successful
activation of both receptors by the nanopatterned ligands. The reor-
ganization of MyD88 indicates that the distance between activated
TLR1/2 nanoclusters follows the spacing of the Pamjs nanodisks,
proving the working principle of our artificial phagocytic synapse
nanoarrays.

In addition to controlling receptor nanocluster organization, we
found that Pamj nanoarrays also affected cell spreading morphol-
ogy, which we examined using scanning electron microscopy (SEM).
Macrophage cells formed many long and thin finger-like filopodial
protrusions on substrates with ligands but formed mostly ruffle-like
lamellipodia on bare substrates without ligands (Fig. 2C and fig. S5).
In addition, cells on ligand-coated nanoarrays formed more and
longer filopodial protrusions than those on nonpatterned surfaces
(Fig. 2D). Given that macrophage filopodia are known to act as ten-
tacles for effective detection of extracellular stimuli, it is plausible
that the cell filopodia must be further stretched to sense the spaced-
out Pam; nanodisks compared to a uniform substrate where Pam;
is readily available.

Transcriptional response of macrophages on nanoarrays

We next investigated how nuclear factor kB (NF-«B) signaling in
macrophages depends on the spacing of the Pamj nanodisks. NF-«xB
is a transcription factor that, upon activation, translocates from the
cell cytoplasm to the nucleus for gene transcription regulation (34).
To quantify the NF-kB translocation, we used RAW264.7 macro-
phage cells that stably express enhanced green fluorescent protein
(EGFP)-labeled RelA, which is a subunit of the NF-xB transcrip-
tion factor complex (Fig. 3A) (35). With cell nuclei also fluorescently
labeled, we directly visualized the distribution of RelA in the cyto-
plasm and in the nucleus of the cells (Fig. 3B). We measured the
fluorescence intensities of EGFP-RelA in the cytoplasm and nucleus
and obtained the nuclear-to-cytoplasmic intensity ratio as a relative
measure of RelA nuclear translocation (image analysis procedure
shown in fig. $6). Elevated NF-«B activation is indicated by a larger
RelA nuclear-to-cytoplasmic ratio. Figure 3C shows the RelA trans-
location results from cells on nanoarrays as a function of the spacing
between Pamjs nanodisks and as a function of time after stimulation
by different ligands (see statistic plots in fig. S7A).

We drew several conclusions from the results. First, NF-«B trans-
location is time dependent, which agrees with previous literature
reports (36). Maximal NF-«kB translocation on the ligand-coated
nanoarrays was observed 90 min after initial stimulation. The overall
kinetics exhibited no dependence on the nanodisk spacing (fig. S7B).
Second, nanoarrays functionalized with both Pamj; and IgG ligands
gave rise to the highest level of NF-«kB signaling in cells, whereas the
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Fig. 3. Quantification of NF-xB activation in RAW264.7 macrophages. (A) Sche-
matic illustration showing the cytoplasmic-to-nuclear translocation of NF-xB RelA
upon cell activation on nanoarrays. (B) Fluorescence images of cells that stably
express EGFP-RelA (green) and were labeled with nuclear stain Hoechst 33342 (blue)
after 1 hour of cell culture on nanoarrays (scale bar, 10 um). (C) Heatmaps showing
NF-kB cytoplasmic-to-nuclear translocation ratio, defined as fluorescence intensity
(FI) ratio of RelA in the cell nucleus to that in cytoplasm, as a function of activation
time and nanoarray spacing on various substrates as indicated. Each data point rep-
resents the average value of results from a total of ~500 cells in 10 images (fig. S6
for the statistic boxplots of the original data points).

IgG-only nanoarrays led to minimal signaling. This indicates that
TLR1/2 is mostly responsible for inducing the NF-«B signaling, but
its effect is enhanced by FcR activation. This adds to a few previous
reports that demonstrated the synergistic crosstalk between TLRs
and FcRs (37-39). Last, NF-kB activation depends on the spacing of
Pamj nanodisks regardless of the presence of IgG. The highest level
of NF-«B signaling was observed with 1-um spacing—the smallest
distance between nanodisks tested so far—and decreased with increas-
ing nanodisk spacing. Because we have already shown that TLR1/2
nanoclusters on macrophage cell membranes are reorganized to
follow the spacing of the Pamj nanodisks, this result demonstrates
the direct dependence of NF-«B signaling on the proximity between
TLR1/2 nanoclusters.

Pro-inflammatory response of macrophages on nanoarrays

We detected and measured intracellular tumor necrosis factor-a
(TNF-a) using immunofluorescence staining and imaging. We could
not use extracellular enzyme-linked immunosorbent assays (ELISAs)
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that are commonly used to detect cytokines secreted into the cell
culture medium, because only a tiny fraction of cells cultured on the
glass substrates were on nanoarrays (<1.2 mm x 1.2 mm) compared
to those on the nonpatterned area (30 mm diameter). We wished to
single out this particular small fraction for analysis. To make our
intracellular analysis possible, macrophage cells were incubated on
nanoarrays for 6 hours in the presence of brefeldin A before fixation
and staining. Brefeldin A is an inhibitor that blocks intracellular
protein transport from the endoplasmic reticulum to the Golgi bodies
during cell activation and thus traps secreted cytokines inside cells
(40, 41). More than 1000 cells were analyzed on each nanoarray to
ensure statistical significance. Representative fluorescence images
are shown in Fig. 4A, and the distributions of intracellular TNF-o
fluorescence intensity are indicated in Fig. 4B. It is evident that the
TNF-o secretion varies depending on the presence of ligands and
spacing of nanoarrays. Stimulation by both Pamj; and IgG induced
the highest level of TNF-a fluorescence, whereas stimulation by
Pamj alone led to significantly higher levels of TNF-a secretion than
that by IgG alone. This indicates that FcR signaling augments the
TLR1/2-mediated TNF-a secretion, which is consistent with our
observations of the receptor synergy in NF-«B translocation. By
plotting the TNF-o fluorescence intensity (average + SD) of indi-
vidual samples as a function of array spacing (Fig. 4C), we found
that TNF-a secretion decreases with increasing distance between
Pamj nanodisks upon stimulation by Pams or a combination of
Pamj and IgG. By comparison, cells without ligand stimulation ex-
hibited minimal TNF-o and no dependence on the nanoarray pat-
terns. This again agrees with the NF-xB results in suggesting that
the pro-inflammatory responses of macrophages depend on the
spacing between TLR1/2 nanoclusters.

However, before we can conclude that spacing between Pam;
nanodisks was the critical factor, we must consider an alternative
possibility that the result might simply be the consequence of the
amount of ligand in a given area. In our current design, the diame-
ter of each nanodisk is kept constant at 500 nm. Smaller nanoarray
spacing means that there are more nanodisks per unit area and

>
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therefore more Pamj; molecules per unit area for cell activation (see
tig. S3 for details of nanoarray dimensions and estimated ligand
amounts). We therefore needed to determine whether the increased
pro-inflammatory responses observed at smaller Pamj; nanodisk
spacings were really caused by the proximity of TLR1/2 receptor
clusters to one another or might just be the consequence of more
ligand being available in a given area for cell stimulation.

The quantitative dependence of TNF-a secretion

on Pam; spacing

To distinguish the effect of ligand spacing from that of ligand amount,
we developed a second nanoarray design in which nanoarrays of
different spacings presented the same amount of Pamj and IgG per
unit of surface area. This was achieved by adjusting the diameter of
the gold nanodisks in proportion to their spacing such that the total
area of gold surface per unit area remained constant on nanoarrays
with different distance spacings between nanodisk centers (fig. S8).
As with all other patterned substrates used in these experiments,
each glass coverslip was fabricated to include six types of nano-
arrays with spacings of 0.5, 0.75, 1.0, 1.5, 2.0, and 2.5 pm. Conjugation
of Pamj and IgG and their spatial segregation on the nanoarrays
was confirmed using fluorescence microscopy as described above
(Fig. 5A). The ligand conjugation density was (6.4 £ 2.2) x
10’ Pams/um? on the gold nanodisks and (1.2 £0.3) x 10* IgG/ um? on
surrounding area. We measured the TNF-o secretion of cells cul-
tured on this new nanoarray design as a function of Pamj spacing.
As shown in Fig. 5B, within the spacing range of 0.75 to 2.5 um, the
intracellular TNF-o level increased gradually with decreasing Pam;
nanodisk spacing. Unexpectedly, the TNF-o response reached a
plateau at spacings of 0.75 um and less.

To understand why the macrophage cytokine response depends
on the Pam; nanodisk patterns at larger spacings but not at smaller
spacings, we directly investigated the spatial distribution of TLR1/2
nanoclusters in cells cultured on the newly designed nanoarrays.
Earlier, we showed qualitatively that activated TLR1/2 nanoclusters
are reorganized by the Pamj nanoarrays at spacing of 1.0 um and
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Fig. 4. Quantification of TNF-a secretion in RAW264.7 macrophages. (A) Representative immunofluorescence images showing TNF-a in cells fixed after 6 hours of
culture on various substrates as indicated (scale bar, 40 um). a.u., arbitrary units. (B) Distribution plots of intracellular TNF-o intensity. For “Pam; +19G,” n = 334 cells
(1.0 um), 387 (1.5 um), 352 (2.0 um), and 468 (2.5 um). For “Pams only,” n = 334 cells (1.0 um), 463 (1.5 um), 420 (2.0 um), and 483 (2.5 um). For “IgG only,”n =351 cells
(1.0 um), 459 (1.5 um), 427 (2.0 um), and 468 (2.5 um). For “No ligands,” n =364 cells (1.0 um), 432 (1.5 um), 460 (2.0 um), and 449 (2.5 um). (C) Plots showing average intra-
cellular TNF-a intensities as a function of nanoarray spacing with different ligand functionalization as indicated. Each data point represents average + SD of data shown

in (B) from 10 images.

Li etal., Sci. Adv. 2020; 6 : eabc8482 2 December 2020

50f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

TNF-a fluorescence intensity (a.u.)

0 5000

10,000
TNF-a fluorescence intensity

15,000

10,000 =
8000 -
6000 -
4000 -
2000 - . "
B ity B we R
0 T T T T T T
0.5 0.75 1.0 1.5 2.0 2.5

Spacing (pm)

Fig. 5. Direct effects of spatial arrangement of ligands on TNF-a secretion. (A) Bright-field images (top left) showing the second design of nanoarrays in which the
diameter of Pams-coated nanodisks changes in proportion to spacing. Fluorescence images (top right) show the conjugation of Pam; (red) and IgG (green) on the nano-
arrays (scale bar, 1T um). Immunofluorescence images (bottom) show the intracellular TNF-a in cells fixed after 6 hours of culture on the corresponding nanoarrays (scale
bar, 20 um). (B) Quantification of intracellular TNF-a intensity as a function of Pams spacing. Each point represents a mean intensity value from one image. Each data set
at a given spacing represents average + SD obtained from a total of 10 images. For “Pam; +1gG,” n =257 cells (0.5 um), 184 (0.75 um), 242 (1.0 um), 281 (1.5 um), 357 (2.0 um),
and 288 (2.5 um). For “No ligands,” n =257 cells (0.5 um), 184 (0.75 um), 242 (1.0 um), 281 (1.5 um), 357 (2.0 um), and 288 (2.5 um). Statistical significance, assessed using
Kruskal-Wallis test with Dunn'’s test as a post hoc test for multiple-group comparisons, is highlighted by P values as follows: ns P> 0.05, *P < 0.05, and **P < 0.01.

larger (fig. S4A); here, we actually quantified the distance between
activated receptor clusters (Fig. 6A). We used a single-particle local-
ization algorithm (42) to track individual activated TLR1/2 nano-
clusters, as indicated using MyD88 immunostaining. We measured
the nearest neighbor distances between the activated nanoclusters
using the R package “spatstat” (43, 44). Kernel density distributions
of the MyD88 clusters within representative areas are shown in
heatmaps in Fig. 6B. As expected, MyD88 on the wide-spaced arrays
(1.0, 1.5, 2.0, and 2.5 pm) formed well-ordered and distinguishable
foci that colocalize with the Pam; patterns. However, on nanoarrays
with spacings of 0.75 and 0.50 um, MyD88 nanoclusters appeared
randomly distributed at the cell-substrate interface, much like the
MyD388 distribution in cells on nonpatterned areas. Such differences
across the nanoarrays are demonstrated by the left-shifted and
broadening distribution of the nearest neighbor distances of indi-
vidual MyD88 cluster pairs (Fig. 6C). By plotting the mean value of
nearest neighbor distances (average + SD) as a function of nano-
array spacing, we found that MyD88 nanocluster proximity follows
nanoarray spacing at >0.75 pm but reaches a plateau at array spac-
ings of 0.75 um and closer (Fig. 6D). The nearest neighbor distance
of MyD88 nanoclusters is 673 + 275 nm at 0.75-um spacing,
682 + 244 nm at 0.50-um spacing, and, for comparison, 675 + 249 nm
on nonpatterned bifunctional areas. It is evident that a distance of
~700 nm is the intrinsic minimal proximity of the TLR1/2 clusters.
Given that the TLR2 nanoclusters have diameters within the range
of 500 to 900 nm (18), a center-to-center proximity of =700 nm
implies that the receptor clusters are likely adjacent to one another
but not overlapping.

We plotted the TNF-a results together with the MyD88 nano-
cluster proximity in Fig. 6D. One can see that the secretion of intra-
cellular TNF-o increases as the distance between activated TLR1/2
nanoclusters decreases, and it reaches a plateau at the intrinsic
proximity limit. These results demonstrate that the spatial arrange-
ment of Pams on the surface is an independent factor that regulates
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the macrophage cell responses. When Pamj is presented as large
clusters but segregated at a distance spacing larger than the intrinsic
receptor cluster proximity, TLR1/2 only becomes activated where
ligand clusters are. The spatial organization of activated TLR1/2
clusters follows the pattern of the ligands, and as a result, cell re-
sponses are modulated by the lateral organization of ligand clusters.
However, activated TLR1/2 nanoclusters cannot approach any closer
to one another once they are immediately adjacent. This sets an in-
trinsic limit on the relationship between proximity and activation
even in the presence of densely packed ligands.

With the modified nanoarrays, we decoupled the effects of ligand
amount and ligand spacing but inevitably changed the Pamj nano-
disk size, which might also affect the cell activation. To estimate this
effect, we measured the intensity of MyD88 nanoclusters on indi-
vidual nanodisks as a function of nanodisk diameter (fig. S9). We
found that the MyD88 intensity exhibited little changes on 375-,
500-, and 625-nm nanodisks (corresponding to 1.5-, 2.0-, and 2.5-pm
spacing, respectively) and slightly lower on 250-nm nanodisks (1-um
spacing). Because the intensity of MyD88 is a direct indication of
receptor activation, this means that if only ligand cluster size is con-
sidered, we should expect lower NF-xB response on 250-nm nano-
disks (1-pm spacing) and similarly higher responses on other patterns.
This is opposite of what we observed. Therefore, we conclude that
the observed NF-kB changes on the different nanoarrays are caused
by the effect of ligand spacing.

DISCUSSION

In this study, we identified the role of the proximity of TLR1/2
nanoclusters in regulating macrophage activation. By creating an
artificial phagocytic synapse nanoarray platform that allows the
precise control of the spacing and surface density of ligands, we es-
tablished the quantitative relationship between the inflammatory
responses of macrophage cells and the spacing of micropatterned
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Fig. 6. Quantification of proximity of TLR1/2 clusters and its dependence on Pam; spacing. (A) Representative fluorescence images showing nanoclusters of immuno-
stained MyD88 at the cell-substrate interface after 30 min of cell culture on the various substrates as indicated (“None” indicates nonpatterned glass surfaces with Pams
and IgG; scale bar, 5 um). (B) Heatmaps showing the Kernel density distribution of the same MyD88 clusters shown in (A). White dots indicate centroid position of individual
nanoclusters. (C) Distribution plots of nearest neighbor distances of individual MyD88 cluster pairs obtained from 10 cells on each nanoarray. The number of cluster pairs
analyzed for results of nearest neighbor distance: n = 1645 nanocluster pairs (none), 1578 (0.75 um), 1360 (1.0 um), 1406 (1.5 um), 491 (1.5 um), 491 (2.0 um), and 187 (2.5 um).
(D) Plots showing average nearest neighbor distance of MyD88 nanoclusters (red) and average intracellular TNF-o. levels (blue) in cells as a function of nanoarray spacing.
Data are presented as average * SD. Each data point of TNF-a intensity result is from 10 images containing n cells: n =257 cells (0.5 um), 184 (0.75 um), 242 (1.0 um), 281
(1.5 um), 357 (2.0 um), and 288 (2.5 um). Statistical significance, assessed using Kruskal-Wallis test with Dunn'’s test as a post hoc test for multiple-group comparisons, is

highlighted by P values as follows: ns P> 0.05, **P < 0.01, and ****P < 0.0001.

ligands. We found that the TLR1/2 receptor clusters act as the driver
for integrating the spatial cues of ligands into the cell-level activa-
tion. The spacing between Pamj nanodisks dictates the spacing
between TLR1/2 clusters in the cell membrane and consequently
controls the cell activation. However, the intrinsic size of TLR1/2
nanoclusters also sets the upper limit of the macrophage activation.
Because the TLR1/2 nanoclusters cannot approach any closer to
one another once they are immediately adjacent, they maintain a
minimal center-to-center proximity of ~700 nm even if ligands are
densely packed. As a result, the cell activation reaches its maximum.

The quantitative nature of our study was enabled by the phago-
cytic synapse nanoarray platform. The strategy of using spatially
arranged ligands, in the form of micropatterned substrates or DNA
nanostructures, has been used to investigate the roles of receptor
clustering in cancer cell functions (45-47) and activation of immune
cells, such as B cells (48) and T cells (49-52). However, our study
demonstrates the use of this approach to dissect the role of TLR1/2
clusters in activation of innate immune cells. Previous studies have
shown that activated TLR1/2 resides in nanodomains or lipid rafts
in plasma membranes (53, 54). The speculation has been that the
receptor clusters may each function as a signaling unit where mole-
cules are brought in to interact or are excluded. In contrast, our results
here demonstrate that the spatial organization of those receptor
clusters in relation to one another collectively, on distance scales
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much larger than the range of intermolecular interactions, also plays
a distinct role in regulating immune signaling.

Our findings provide new insights into understanding how in-
nate immune receptors, such as TLR1/2, can fine-tune the level of
cell activation based on the chemical and physical properties of
their ligands. TLR1/2 is known to recognize a diverse range of mi-
crobial components and elicit appropriate immune responses
accordingly (21-23). Studies have shown that the strength of TLR1/2
activation depends on molecular structure and the presentation
form (soluble or surface-bound) of ligands (24-26). In this study,
we determined that the lateral spacing of ligand clusters is an addi-
tional parameter that affects the TLR1/2 activation. Macrophage
cells can alter their levels of immune activation in response to the
spatial organization of TLR1/2 ligands fixed on a surface, even
when other stimulation conditions, such as the total number of
ligands, are the same. This finding has direct implication on under-
standing host cell-pathogen interactions. Many microbes have been
shown to display heterogeneous distribution of cell wall components
(55-57), and some microbes even alter the arrangement of wall
components depending on the extracellular conditions (58, 59). In
particular, we have shown recently that lipopeptides, which are
ligands for TLR1/2, and polysaccharides are arranged hetero-
geneously on the nanoscale on the extracted yeast cell wall (60).
On the basis of our findings here, it is reasonable to speculate that
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invading pathogens can possibly use the spatial organization of
their cell wall components to modulate host cell responses.

The quantitative relationship between the spatial arrangement
of Pamj nanodisks and macrophage immune responses we found in
this study indicates that it is possible to modulate immune responses
by engineering the spatial organization of cell receptors. Recent
studies have shown potential applications of Pams (61) and other
TLR1/2 agonists (62-64) as adjuvants for tumor immunotherapy. It
was suggested that coactivation of TLR1/2 together with FcRs may
provide the strong pro-inflammatory responses needed to reverse
the tumor immunosuppressive environment in antibody-based
cancer immunotherapy (20, 65, 66). However, unfavorable conse-
quences occur when coactivation is excessive (66, 67). Our results
suggest that the spatial organization of stimulatory motifs is a new
parameter that could be used to properly fine-tune the activation of
innate immune cells.

MATERIALS AND METHODS

Fabrication of nanoarray substrates

Round glass coverslips (30 mm in diameter, no. 1.5) were cleaned in
fresh piranha solution (3:1 HSO4H,0;) for 2 hours and dried with
N, stream. Gold nanodisk arrays were fabricated on the glass cover-
slips using electron beam lithography in a procedure schematically
shown in fig. S1. Briefly, poly(methyl methacrylate) (PMMA)
[molecular weight 495,000, 4% (w/v) in chlorobenzene; Kayaku
Advanced Materials Inc.] was first spin-coated onto a glass substrate
at 4000 rpm for 45 s with 1000 rpm acceleration. After baking the
coated glass coverslip at 180°C on a hot plate for 2 min, it was fur-
ther coated with a 6-nm-thick gold film as a conductive layer on top
of the PMMA using an thermal evaporator (Boc Edwards Auto 306/
FL400). After electron beam exposure for patterning, the glass cover-
slip was rinsed in 40 ml of KI/I, solution (0.6 mM/0.4 mM) for 10 s
before development in the mixed solvent of methyl isobutyl ketone
and isopropyl alcohol (IPA) (1:3, v/v) for 90 s and then the pure IPA
for 20 s. After lithography, the glass substrate was coated sequen-
tially with a 15-nm Ti adhesion layer and a 30-nm Au layer. The
metal-coated glass substrate was lifted off in acetone at 40°C for
2 hours to generate the nanodisk arrays.

Functionalization of Pam; and IgG on nanoarrays

The fabricated nanoarray substrate was cleaned in piranha solution
for 3 min, rinsed with deoinized water, and then dried under a stream
of N». Because the gold nanoarrays were dissolved in freshly made
piranha solution, the piranha solution was kept at room temperature
for 1.5 hours before use. For thiolation reaction, the nanoarray sub-
strate was further cleaned in an oxygen plasma cleaner (15 W) for
5 min and then immediately immersed in a freshly prepared 5 mM
11-mercaptoundecanoic acid (Sigma-Aldrich) solution in anhydrous
ethanol for approximately 12 to 18 hours. For the subsequent
silanization, the nanoarray substrate was rinsed in ethanol, dried
with N gas, and then incubated in a 95% ethanol solution containing
0.23 mM silane-PEG3400-biotin (Laysan Bio) and 0.2% (v/v) acetic
acid (Sigma-Aldrich) for 4 hours at room temperature. The nano-
array substrate was rinsed in ethanol, dried under a stream of N,, and
then kept under vacuum for 30 min to remove residual ethanol. To
conjugate the Pamj peptide onto the gold nanoarrays, the substrate
was activated with 5 mM 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (EDC) and 50 mM N-hydroxysuccinimide (NHS) (Thermo
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Fisher Scientific) in MES buffer (50 mM, pH 6.0) for 20 min and
subsequently incubated with Pam; (200 ng/ml; rhodamine-labeled;
excitation/emission, 549/578 nm; InvivoGen) solution in phosphate-
buffered saline (PBS) (1x, pH 7.4) for 2 hours. After rinsing in PBS,
the nanoarray substrate was incubated in a freshly made PBS solution
containing streptavidin (10 pg/ml) and bovine serum albumin (BSA;
1 mg/ml) (Sigma-Aldrich) for 30 min. After rinsing away unbound
streptavidin with PBS buffer, the nanoarray substrate was incubated
in a PBS solution containing biotinylated IgG (2 pg/ml; Alexa Fluor
488 labeled) and BSA (1 mg/ml) for 30 min. The functionalized sub-
strate was extensively rinsed in PBS and used immediately for cell
experiments.

Functionalization of Pam; and IgG on nonpatterned

flat glass substrate

Round glass coverslips (30 mm in diameter, no. 1.5) were cleaned in
fresh piranha solution for 2 hours and dried with a stream of N,.
For amination, cleaned glass coverslips were treated in an oxygen
plasma cleaner (15 W) for 5 min and then immediately immersed in
a freshly prepared 95% (v/v) ethanol solution containing 2% (v/v)
(3-aminopropyl) triethoxysilane (Sigma-Aldrich) and 0.2% (v/v)
acetic acid for approximately 2 hours at room temperature. The
glass coverslips were subsequently washed with 95% (v/v) ethanol
to remove excess silane compounds and kept at 110°C in an oven
to remove residual water/ethanol and to enhance the formation of
siloxane bonds on the glass surface. To conjugate Pam; and IgG
onto the glass surface, aminated glass coverslips were activated with
5% (v/v) glutaraldehyde (Santa Cruz Biotechnology) in 50 mM
MES buffer for 2 hours and subsequently incubated with a mixture
of Pam; (200 ng/ml) and IgG solution (2 pg/ml) in PBS for 2 hours.
After rinsing in PBS, the functionalized glass coverslips were used
immediately for cell experiments.

PFIR microscopy

Nanoscale IR images were acquired with a homebuilt PFIR micro-
scope as described previously (31). The setup includes an AFM com-
ponent (Multimode 8 with NanoScope V controller, Bruker Nano),
a quantum cascade laser (MIRcat, Daylight Solutions), and a multi-
channel data acquisition device (PXI-5122, National Instruments).
Gold-coated AFM tips (HQ: NSC15Au, MikroMasch) were used in
measurements. A parabolic mirror with a numerical aperture (NA)
of 0.25 was used to focus IR beam onto the AFM tip apex. Custom-
ized LabVIEW programs were used to obtain and output IR absorp-
tion signals in real time during AFM scanning. In PFIR measurement,
the peak force tapping amplitude of 150 nm and force set point of
3 to 5 nN were used. Peak force tapping frequencies of 2 and 4 kHz
were used for the large-area and small-area scanning, respectively.
Intensity signals from PFIR were results from local photothermal
expansions, which are proportional to sample’s local IR absorptions
at a certain IR frequency.

Quantification of ligand amount on nanoarray substrates

A calibration curve of rhodamine-Pam; fluorescence intensity
(excitation/emission, 549/578 nm) as a function of concentration
was first obtained (fig. S3). The amount of Pamj functionalized on
the gold nanodisk arrays was obtained as the decrease in Pam;
amount in the solution before and after conjugation reaction. Briefly,
the fluorescence intensity of the rhodamine-labeled Pamj in the
solution before conjugation and in the supernatant after conjugation
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was measured. The total amount of Pamj; in the two solutions was
obtained from the calibration curve, and their difference was ob-
tained as the amount of Pamj conjugated on the nanoarray sub-
strate. To estimate the amount of Pam; that nonspecifically adsorb
to the substrate, the same measurement was done but without the
EDC/NHS activation step. The final amount of Pamj covalently
binding to the gold nanodisk arrays was calculated by subtracting
the nonspecific binding amount from the total amount of Pam; on
the substrate. The same method was applied to estimate the amount
of IgG (Alexa Fluor 488 labeled) conjugated on the areas surround-
ing the nanoarrays on the substrates.

Cell culture

RAW264.7 macrophage cell lines were purchased from the American
Type Culture Collection. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, penicillin (100 U/ml), streptomycin (100 mg/ml),
and 0.2 mM L-glutamine (Thermo Fisher Scientific). RAW264.7
macrophage cell line stably expressing EGFP-RelA was a gift from
1. Fraser at the National Institutes of Health (NIH). The cells were
cultured in the aforementioned DMEM without penicillin and
streptomycin. All cell lines were kept in an incubator at 37°C with
5% CO, and 95% relative humidity.

SEM of cells

RAW?264.7 macrophages were seeded on glass substrates at a density
of ~10° cells/ml. After incubation for 6 hours at 37°C, cells were
washed with 0.1 M sodium phosphate buffer [0.07 M Na,HPO,4 and
0.03 M NaH,POy (pH 7.2)] before fixing in Karnovsky’s fixative
[containing 2% (w/v) paraformaldehyde and 2.5% (v/v) glutaralde-
hyde in 0.1 M sodium phosphate buffer (pH 7.2)] at 4°C for 12 to
18 hours. After being washed three times in 0.1 M phosphate buffer
(pH 7.2) for 10 min each time, the cells were postfixed with 1% (v/v)
osmium tetroxide (aqueous solution, Electron Microscopy Sciences)
in the 0.1 M sodium phosphate buffer (pH 7.2) at room temperature
for 1 hour. Following rinsing in Milli-Q water three times for 10 min
each, the cells were dehydrated using a series of ethanol solutions
with increasing volume fraction (35, 50, 75, and 95 volume %) for
15 min per rinse and washed in pure ethanol three times for 20 min
each. The dehydrated sample was immersed in 100% hexamethyld-
isilazane (HMDS; Electron Microscopy Sciences) twice for 10 min
each. Afterward, the HMDS was decanted and the sample was kept
in a desiccator to air-dry at room temperature overnight. The dried
sample was then mounted onto an SEM sample stub, sputter-coated
with 4-nm Au/Pd alloy, and imaged with an FEI Quanta 600 SEM.

Immunofluorescence staining

RAW264.7 macrophages were seeded on the nanoarray substrates
at a density of ~10° cells/ml. For immunostaining of MyD88 and
pSyk, cells after 90-min incubation (37°C, 5% CO,) were washed
with PBS, fixed for 10 min on ice with 4% (w/v) paraformaldehyde
(PFA; Sigma-Aldrich) in PBS, and then rinsed with PBS three times
for 5 min each. Cells were permeabilized with cold methanol for
10 min at —20°C, rinsed in PBS three times for 5 min each, and then
passivated in blocking buffer [containing 1x PBS, 0.1% (v/v) Tween
20, 1% (w/v) BSA, and glycine (22.52 mg/ml)] for 1 hour at room
temperature. Cells were then incubated with primary antibody anti-
MyD88 goat IgG (2.5 pg/ml; R&D Systems Inc.) in the presence of
1% (w/v) BSA for 1 hour at room temperature, washed three times
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in the washing buffer (containing 1x PBS, 0.1% Tween 20, and
1% BSA), and incubated with secondary antibody rat anti-goat IgG
Alexa Fluor 647 (10 ug/ml; Invitrogen) in the presence of 1% BSA
for 1 hour at room temperature. In samples with also immuno-
stained pSyk, cells after rinsing were incubated with antibody rabbit
monoclonal antibody Alexa Fluor 488 (Cell Signaling Technology
Inc.) for 1 hour at room temperature. The cell nucleus was stained
with 4,6-diamidino-2-phenylindole (DAPI; 0.1 pg/ml) in 1x PBS
for 10 min at room temperature.

For immunostaining TNF-g, cells were seeded at a density of
~10* cells/ml and incubated for 6 hours at 37°C. To enhance the
detection of TNF-a, the intracellular protein transport inhibitor
brefeldin A (1000x, eBioscience) was added to the cell culture me-
dium after 2 hours of incubation. Cells were fixed and permeabilized
in the same procedure as described above, incubated with primary
antibody goat anti-TNF-a (eBioscience) in the presence of 1% BSA
for 1 hour at room temperature, rinsed three times in the washing
buffer, and incubated with secondary antibody donkey anti-goat
IgG Alexa Fluor 568 (10 pg/ml; Invitrogen) in the presence of 1%
BSA for 1 hour at room temperature. Nucleus was stained with DAPI
(0.1 pg/ml) in PBS for 10 min at room temperature.

Microscopy

All fluorescence imaging was performed using a Nikon Eclipse-Ti
inverted microscope equipped with 1.49 NA x100 TIRF (total inter-
nal reflection fluorescence) and 0.95 NA x40 air objectives and an
Andor iXon3 EMCCD (electron-multiplying charge-coupled device)
camera. The dark-field images were acquired using a Nikon NiE
upright microscope with a Hamamatsu Orca-Flash 2.8 sCMOS (sci-
entific complementary metal oxide semiconductor) camera.

Quantification of NF-xB RelA nuclear translocation
RAW264.7 macrophages stably expressing EGFP-RelA were seeded
on substrates (with or without ligands) and kept in the incubator for
a varied period of time as indicated. After incubation, cells were
fixed for 10 min on ice with 4% (w/v) PFA in PBS and stained with
Hoechst 33342 (0.1 pg/ml; Thermo Fisher Scientific) in PBS for
10 min. Fluorescence images were captured at both DAPI and GFP
channels. To quantify the NF-xB RelA nuclear translocation, the
fluorescence intensities of EGFP-RelA in cell nucleus and cyto-
plasm were measured. The nuclear-to-cytoplasmic intensity ratio of
EGFP-RelA was measured following a previously reported proce-
dure (68). Briefly, original images (fig. S5A) were converted to binary
images using automatic local thresholding (fig. S5). The nucleus
mask was used as the region of interest (ROI) of the cell nucleus,
while the cytoplasmic ROI was created by subtracting the nucleus
mask that was obtained from the cell mask using the image calcula-
tor (fig. S5C). Each of the ROI masks was applied to the original
EGFP-RelA images, resulting in separated nuclear and cytoplasmic
staining images (fig. S5D). Fluorescence intensities per pixel at
both channels were then measured using Image]J. The nuclear-to-
cytoplasmic fluorescence intensity ratio of EGFP-RelA was calcu-
lated to quantify NF-«xB RelA nuclear translocation.

Statistical analysis

Statistic figures were plotted using both Prism 8 Software (GraphPad,
USA) and R package “ggplot2” (69, 70). Data were shown as
average + SD. Mann-Whitney U test was performed for two-group
comparisons. Kruskal-Wallis test with Dunn’s test as a post hoc test
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was performed for multiple-group comparisons. Statistical signifi-
cance is indicated as follows: not significant (ns): P > 0.05; signifi-
cant: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/49/eabc8482/DC1

View/request a protocol for this paper from Bio-protocol.
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