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Abstract

Spatial and temporal aspects of immune cell signalling are key parameters in defining the
magnitude of an immune response. Toll-like receptors (TLRs) on innate immune cells are
important in early detection of pathogens and initiation of an immune response. Controlling the
spatial and temporal signalling of TLRs would enable further study of immune synergies and
assist in the development of new vaccines. Here, we show a light-based method for spatial control
of TLR4 signalling. A TLR4 agonist, pyrimido[5,4-f]indole, was protected with a cage at a
position critical for receptor binding. This afforded a photo-controllable agonist that was inactive
while caged, yet effected NF-xB activity in cells following UV photo-controlled deprotection. We
demonstrated spatial control of NF-xB activation within a population of cells by treating all cells
with the caged TLR4 agonist and constraining light exposure, thereby activation, to a region of
interest.
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Toll-like receptor 4 (TLR4) is a key receptor in innate immune signaling with a complicated
set of actions. TLR4 is activated by a diverse array of structures, including
lipopolysaccharide and its variants:-6], peptidesl?], proteins[®-19l and small
molecules[11:12]. These agonists are used in vaccines against human papilloma virus!3], and
also contribute to the inflammation in opioid interactions(4] and many allergies[!%]. Agonist
stimulation of TLR4 leads to the activation of the MyD88 and/or TRIF signaling pathways,
resulting in activation of transcription factors, including nuclear factor kB (NF-xB) and
interferon-regulating factors.[*6] The resulting immune response and its magnitude are
determined by the balance of the two pathways over time.[2.17] Despite the strong spatial and
temporal components of TLR signaling[18:19]  there are few examples of controlling immune
cells in time or spacel20-22] and no methods yet exist to modulate TLR4 activity. In
contrast, the field of neuro-biology has been using light-controlled methods to control spatial
and temporal elements for over three decades.[23-28]
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Here we show the first example of a light-controlled TLR4 agonist. We build on our
previous work constructing a caged TLR7/8 agonists,[29 by appending a cage to temporarily
suspend activity of a synthetic TLR4 agonist, pyrimido[5,4-4]indole (1, N-cyclohexyl-2-((4-
0x0-3-phenyl-4,5-dihydro-3H-pyrimido[5,4-b]indol-2-yl)thio)acetamide). In the structure-
activity relationship (SAR) study of substituted pyrimido[5,4-6]indoles performed by
Cottam, et. al,, the indole nitrogen of 1 did not tolerate substitution[11]. Therefore, we chose
this position as the site to install the photo-labile cage (Figure 1A). The caged TLR4 agonist
was generated by protection of the indole nitrogen with 6-nitroveratryloxycarbonyl (NVOC).
Upon exposure to light, the caged TLR4 agonist 2, N-cyclohexyl-2-((5-6-
nitroveratryloxycarbonyl-4-oxo-3-phenyl-4,5-dihydro-3H-pyrimido[5,4-b]indol-2-
ylthio)acetamide, is converted back to 1. The caged agonist 2 activates NF-xB in TLR4-
bearing cells only after exposure to UV light (Figure 2A). We use this caged agonist to
spatially confine activation within a cell population using light, and observe this effect by
monitoring nuclear translocation of fluorescently-labeled NF-xB in fibroblasts. Future
experiments with caged agonists may help elucidate spatial and temporal enigmas in TLR
signaling pathways, and lend to the development of new vaccines.

Our development of a light-controlled TLR4 agonist began with the synthesis of the active
small molecule TLR4 agonist, pyrimido[5,4-4]indole 1, as described previously.[!X] The
caged TLR4 agonist was generated by NVOC-protection of 1. Protection at the indole
nitrogen was confirmed via high-resolution mass spectrometry, and 1H and 13C NMR
spectroscopy (Supplemental Information).

The deprotection efficiency of 2 was established by UV absorption, combined with HPLC
analysis of 1 and 2 before and after light exposure. A long wave UV hand lamp (15 W, 365
nm) was used as the light source. The UV absorption spectrum of 1 ranges from 250 to 360
nm with two local maxima at 250 and 280 nm (Figure 1B). The spectrum of 2 exhibits only
the peak at 250 nm. Following exposure of 2 to UV light for 30 min, a peak in the spectrum
appears at 280 nm though it did not increase in intensity with further exposure. The presence
of 1 following light exposure of 2 was confirmed by HPLC analysis (Figure S1). In these
data, 1 and 2 are pure and have elution times of 13.5 and 17.1 min, respectively. The amount
of each species was quantified by integrating the area under the correlated LC peak. For
solutions where 2 was not exposed to UV light, 1 was not detected. For solutions of 2
exposed to UV light, the peak at 17.1 min decreased, and the peak at 13.5 min appears and
grows with increased exposure to UV light up to 30 min. Conversion of 2to 1 reached a
maximum of 57% after 30 min of UV light exposure (Figure 1C). HPLC and mass
spectrometry analysis of 2 after exposure to UV light showed that 1 was the major species in
addition to the formation of byproducts. The limited conversion is due to a fraction of caged
compound that does not readily deprotect under the mild conditions used.

We confirmed that photo-deprotection of the caged agonist translated to light-controlled
activation of TLR4 by testing 2 on a model cell line bearing TLRs—RAW-Blue
macrophages. These cells express the TLR4 signaling machinery and a secreted embryonic
alkaline phosphotase (SEAP) reporter for NF-xB activation. SEAP levels are monitored
using a detection medium, QUANTI-Blue, affording a colorimetric readout of TLR
activation, but not temporal activity. This assay served as an initial examination of immune
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activity of the unmodified 1 and caged 2 agonists. Based on the previous SAR study of 1[11]
and our deprotection characterization of 2, we predicted that 1 and 2, after UV light
exposure, would effect immune activity, while 2, without UV light exposure, would have
little to no effect on NF-xB acivity in cells.

RAW-Blue cells were treated with 1 or 2 (10 uM), then exposed to UV light (15 W, 365 nm)
for 10 min. The cells were incubated for 18 h before the culture supernatant was analyzed to
determine NF-xB activation. We observed the selective activation of cells upon UV light
exposure (Figure 2B). Treatment of RAW-Blue cells with 2 without UV light resulted in
minimal NF-kB activity. This background activity is likely due to enzymatic activity over
the time course of the experiment (not observed in later experiments that probe real time
activation of TLR4, Figure S5-6). Treatment with 2 and exposure to UV light yielded NF-
kB activity equivalent in concentration to the TLR4 agonist 1. This result was most clearly
seen using 10 uM agonist, and is consistent with previous concentration screens of 1, which
show a non-linear relationship of concentration and NF-kB activity.[!1] A challenge in innate
immunity is that agonist concentration is not an absolute measure of immune cell activity.
As such, the deprotection kinetics measured cannot be directly related to cell experiments
and immune activity. Additionally, we confirmed that UV light did not have an effect on
cells. We compared NF-kB activity in cells treated with 2 and directly exposed to light
versus cells treated with a pre-irradiated solution of 2 (Figure S4). Direct UV light exposure
did not effect cell activity. This preliminary assessment of the activities of the the TLR4
agonist and caged agonist led us to investigate real-time activation of NF-xB using a cell line
where we could measure kinetics.

Activation of TLR4 via light was performed in a second reporter cell line - 3T3 fibroblasts
expressing p65-DsRed. NF-kB activation was observed in real time vi7a optical microscopy
in a dose-dependent study using the caged agonist. Here, NF-«xB activity is defined as the
nuclear translocation of NF-xB as measured by the subunit of NF-xB, p65, that is
fluorescently labeled - p65-DsRed.[30:31] This nuclear translocation was observed by
confocal microscopy and quantified using ImageJ analysis (Supplemental Information).
Fibroblasts were treated with TLR4 agonist 1 or caged agonist 2 (0.625-5.0 uM) at t=0 and
images were recorded for 3 h (Figure S5). NF-kB translocation was observed in cells treated
with 1 (Figure 3B). When stimulated with 1, the peak translocation of NF-xB occurs after 45
min (Figure S5-6). Translocation was not observed at any time point measured in cells
treated with media only or the equivalent concentrations of caged agonist, 2, without UV
light exposure (Figure 3C, Figure S6). The dose-dependent trend in activation seen with 1
was reestablished by treating cells with varying concentrations of 2 followed by 5 min UV
light exposure (15 W, 365 nm, Figure 3D). To further confirm that activation was dependent
on light, cells were treated with 2 at a fixed concentration and UV light exposure time was
varied (0.6-5 min, Figure 3E). When cells are treated in this manner, the degree of
translocation is observed to be a function of exposure time. In cells treated with 2 and
exposed to UV light, the maximal translocation of p65-DsRed occured at 45 min, the same
time as with treatment of 1.

To date, our understanding of the immune system is based on bulk methods of activation.
Recent work in our group has investigated immune responses of heterogeneous co-cultures
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and how activation of a cell subset impacts the bulk response.[32] With our light-controlled
TLR4 agonist, we sought to address the minimum requirements for immune activation at the
population level. We aimed to exert spatial control over immune activation by limiting
agonist exposure to a subpopulation of cells using light (Figure 4). Fibroblasts expressing
p65-DsRed were treated with 2 (10 pM) and spatial control was implemented by light
exposure through a pinhole mask (3.1 mm?2). Here, NF-xB translocation occurred in cells
within the pinhole area (Figure 4A), and the degree to which activation occurs tapered as a
function of distance from the pinhole (Figure 4C-D). We expected that cells adjacent to the
light-exposed area (x-coordinate of 2000-2500 um) would exhibit similar levels of NF-xB
translocation because of rapid diffusion of the active agonist. The pinhole size used in this
experiment was the minimum size that we found to elicit an immune response. While
smaller regions of interest are selectable using this method or confocal microscopy, we did
not observe activation with smaller holes. Potential reasons for this finding include lower
effective concentrations of the agonist, or that fibroblast signaling inhibited cell activation in
the smaller population. Ongoing research in our group focuses on using the techniques
developed in this paper to afford controlled activation, down to the single cell level, for
which these initial results are the first step.

Here we show the synthesis of a photo-controlled TLR4 agonist and a method that controls
spatial activation of innate immune cells. Protection of the critical indole nitrogen of
pyrimido[5,4-blindole with a photo-labile group reduced TLR activity to background levels.
Upon exposure to UV light, compound 1 was regenerated, which then activated NF-xB
signalling pathways via TLR4. We showed activation of innate immune cells, RAW
macrophages, is mediated by UV light exposure of the caged agonist. Furthermore, we
demonstrate for the first time the selective activation of a subpopulation of cells within a
larger population by confining light exposure of the caged agonist through a pinhole. With
this and similar tools, we plan to explore how immune activation propagates from an origin
of inflammation, as well as how TLR synergies can be modulated both spatially and
temporally. We aim to understand how TLR signalling contributes at different levels to both
positive and deleterious immune responses.

Experimental Section

Synthesis

Cell culture

The TLR4 agonist, pyrimido[5,4-6]indole 1 was synthesized and purified as described
previously.[1] The NVOC-caged agonist 2 was generated by deprotonating the indole amine
of 1 (200 mg, 0.46 mmol) with NaH (60% dispersed in mineral oil, 100 mg, 2.5 mmol) in
THF (2 mL), followed by addition of 6-nitroveratryl chloroformate (251 mg, 0.91 mmol) in
THF (10 mL). The mixture was heated to reflux for 3 h. The reaction was quenched with
water and the product was extracted with excess methylene chloride and purified by silica
gel column chromatography to obtain 2 in 65.5% yield. Detailed methods on the preparation
and characterization are available in the Supporting Information.

Detailed materials and methods are available in the Supporting Information.
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NF-xB activation in RAW-Blue 264.7 macrophages

Cells were plated at 50,000 cells/well in black-walled 96-well plates (Nunc) in complete test
media. Stock solutions of agonists were prepared in complete test media and sterile-filtered
through a 0.2 pm filter immediately prior to addition to cell media. The agonists were added
to the cell media at the final concentration indicated, with a total volume per well of 200 pL.
For light-controlled experiments, cells were exposed to UV light immediately following
addition of agonist. Optical sealing tape was affixed to the well plate and the light source
was placed on top of the plate. Treated cells were incubated at 37 °C with 5% CO,, for 18 h.
After the incubation period, supernatant was analyzed for SEAP expression using QUANTI-
Blue detection medium according to the manufacturer’s protocol.

NF-xB activation in p65-DsRed fibroblasts

The p65-DsRed and H2B-GFP-expressing fibroblasts were a gift from the lab of Prof.
Markus Covert. Cells were plated in coverslip-bottom 8-well plates (Thermo Sci.) at 5,000
cells/well in complete media and cultured for 48 h. One hour prior to imaging, media was
exchanged for complete test media and the cells were equilibrated for 30 min at 37 °C with
5% CO», prior to adding agonist and imaging. Cells were treated with agonist at t=0 and
imaged for 3 h at 37 °C with 5% CO». For light-controlled experiments, cells were exposed
to UV light immediately following addition of agonist. The light source was placed
underneath the coverslip wells. Following light exposure, cells were incubated at 37 °C with
5% CO» until imaging.

NF-xB activation of subpopulations of fibroblasts was performed similarly. Cells were
plated and prepared as before. Light masks were made from black PEEK film (0.25 mm
thick), with circular pinholes (area = 3.1 mm?2). The masks were aligned and affixed with
tape to the bottom of the coverslip-bottom well plates. The plates were left undisturbed for 5
min following light exposure through the pinhole. Following light exposure, cells were
incubated at 37 °C with 5% CO» until imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Photo-controlled deprotection of a NVOC-caged pyrimido[5,4-4]indole. Deprotection of the

cage on 2 with UV light affords the agonist 1 (A). Deprotection was observed by UV-Vis
absorption (B) of 2 before (solid blue line) and after 30 min light exposure (15 W, 365 nm,
dashed black line), as compared to 1 (solid red line). Percent conversion (C) of 2to 1
following light exposure (15 W, 365 nm) was determined by HPLC analysis. Conversion of
the caged agonist reaches 57% after 30 min of UV light exposure.
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Figure 2.

Light-controlled NF-kB activation in reporter cells, RAW-Blue macrophages. Caged agonist
2 does not activate TLR4 until photo-control deprotection with UV light to produce the
active TLR4 agonist 1 (A). Cells were treated with media only (black), 1 (10 uM; red), 2 (10
UM; solid blue), without (solid) or with (outlined) UV light exposure at 15W of 365 nm light
(B). NF-xB activation was determined using the SEAP colorimetric assay (OD measured at
620 nm). Each experiment was performed in replicates of five (*p < 0.05 and **p < 0.001).
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Figure 3.
Light-controlled NF-kB activation in fluorescent NF-xB reporter cells. Confocal images of

p65-DsRed fibroblasts 45 min after treatment with media only (A), TLR4 agonist 1 (B),
caged agonist 2 (C), caged agonist with 5 min bulk UV light exposure (D), and 5 uM of
caged agonist 2 exposed to UV light for times ranging from 0.6 to 5 min (E). Scale bar is
equal to 50 um. See Supporting Information for detailed experimental setup and image
analysis methods for quantification of translocation.
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Figure 4.
Spatial control of NF-xB activation in fluorescent NF-xB reporter cells. Confocal images of

p65-DsRed fibroblasts 45 min after treatment with caged agonist 2 and 15 min UV light
exposure. Light exposure was confined to a 3.1 mm? pinhole (dashed white line). DsRed
nuclear intensities over ranges in the x-direction of the image (A) was determined using

ImageJ. Cells within the exposed pinhole (B) show high degrees of NF-«xB translocation,
while cells further from the pinhole (C and D) have less (scale bar is equal to 50 um).
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