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Abstract

Studies of biological function demand probes that can report on processes in real time and in
physiological environments. Bioluminescent tools are uniquely suited for this purpose, as they
enable sensitive imaging in cells and tissues. Bioluminescent reporters can also be monitored
continuously over time without detriment, as excitation light is not required. Rather, light emission
derives from luciferase-luciferin reactions. Several engineered luciferases and luciferins have
expanded the scope of bioluminescence imaging in recent years. Multicomponent tracking remains
challenging, though, due to a lack of streamlined methods to visualize combinations of
bioluminescent reporters. Conventional approaches image one luciferase at a time. Consequently,
short-term changes in cell growth or gene expression cannot be easily captured. Here we report a
strategy for rapid, multiplexed imaging with a wide range of luciferases and luciferins. Sequential
addition of orthogonal luciferins, followed by substrate unmixing, enabled facile detection of
multiple luciferases /n vitroand in vivo. Multicomponent imaging in mice was also achieved on
the minutes-to-hours time scale.
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INTRODUCTION

Bioluminescence imaging (BLI) is a popular technique for tracing cells and other biological
features in heterogeneous environments, including whole animals.1~2 BLI applications rely
on genetically encoded luciferase enzymes and luciferin substrates for photon production.
Because mammalian tissues do not normally glow, BLI enables sensitive imaging 77 vivo.3-°
As few as 1-10 cells can be reliably detected using optimized probes in subcutaneous
models.8 For these reasons, BLI has long been a go-to technique for monitoring
physiological processes in rodents.”~9 More recent advances are further enabling studies in
deeper tissues and larger organisms,10-13 including non-human primates.10.14

While ubiquitous, BLI applications /n vivo typically track only one cell type or feature at a
time.15 A spectrum of bioluminescent probes exists, and some pairs can be color-resolved in
rodent models.16-22 Discriminating larger collections is challenging, though, due to the
broad emission spectra of bioluminescent reporters and complications from tissue
absorption.® Historically, many applications featuring two BLI reporters combined firefly
luciferase (Fluc) and Renilla luciferase (Rluc), two enzymes that use different substrates.
23-24 Recent examples have featured Akaluc and Antares or CBG2, additional enzymes that
use distinct luciferins.16:25 Multicomponent imaging with these pairs /7 vivo, though, can
require multiple hours, if not days. The bioluminescent substrates are typically administered
at saturating doses to maximize photon output,?® and the first probe must clear prior to
administering the second. In principle, dozens of other naturally occurring (and orthogonal)
luciferases and luciferins could be employed for multiplexed BL1.27-29 In practice, though,
most of these enzymes and substrates are not easily applied /n vivo owing to suboptimal
stabilities, bioavailability, or other parameters.

We aimed to address the need for better probes and practical imaging protocols for
multicomponent BLI. Our approach builds on the expanding toolbox of orthogonal
bioluminescent reagents.815 These probes comprise genetically modified luciferases that are
responsive to chemically unique luciferins.12:14.25.30-34 Some of the orthogonal enzymes
can be readily discriminated in cells and mouse models based on selective substrate use.
17,25,30-32,35-37 \Many of these probes are not completely specific (i.e., the luciferins are
processed preferentially by one enzyme, but can be turned over to some extent by other
enzymes). However, perfect selectivity is not required. The patterns of substrate use
(“fingerprints™) can be used to discriminate combinations of luciferases. Indeed, such
“fingerprint” analyses are commonly used to differentiate engineered GPCRs and signaling
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pathways.38-40 |_jke the examples above, though, traditional applications of the engineered
luciferases require long periods of time (hours-to-days) for complete image acquisition.25:31
Dynamic changes in gene expression and cell growth cannot be captured under such
conditions. Consequently, bioluminescence has historically been limited to monitoring bulk
changes in biological samples. Here we report a method to more rapidly resolve orthogonal
bioluminescent probes. The approach is broadly applicable and scalable to multiple
reporters, enabling facile multiplexed bioluminescence imaging. We also showcase its utility
for monitoring dynamic changes on the minutes time scale.

RESULTS AND DISCUSSION

Identifying Optimal Luciferases

We hypothesized that rapid BLI could be achieved via sequential substrate administration
and serial image acquisition. Light outputs would build over time, with each luciferin
application resulting in stronger signal. A final processing step*! would unmix the images
(Figure 1a). Similar “layering” approaches have vastly expanded fluorescence detection of
gene transcripts*2 and other cellular features?143 in recent years. The technique also differs
from conventional optical imaging platforms, in that wavelength, lifetime, and other
traditional parameters are not factored into the analysis. The probes must simply be substrate
resolved (i.e., exhibit some degree of orthogonality) and intensity resolved (Figure 1b).
Substrate resolution minimizes cross talk between the probes to provide unique fingerprints.
Intensity resolution ensures that signal can be “layered in”: as successively brighter probes
are imaged, residual signal from dimmer, earlier images becomes part of the background. If
the bioluminescent probes are not intensity resolved, the targets are indistinguishable. The
key takeaway from the design is that no time is required for substrate clearance, which is an
important consideration for capturing rapid, dynamic events.

To identify suitable probes for rapid BLI, we focused on two previously reported orthogonal
luciferins: 4’-BrLuc and p-luciferin (p-luc, Figure 1c).3144 These substrates are bright,
bioavailable, and accessible in large quantities.*>~46 We also previously identified mutant
luciferases that could differentiate the analogs.31:47 While orthogonal, these pairs were
engineered for maximum brightness and not built with intensity resolution in mind. To
identify orthogonal luciferases that exhibited a range of photon outputs, we screened a small
panel of mutants known to process C4’-modified analogs (Figure 2a). Screens were
performed both /n vitroand /n vivo (Supplementary Figure 1, Figure 2b). In the latter case,
DBY7 cells stably expressing mutant luciferases were implanted in mice. 4’-BrLuc and p-luc
were administered sequentially. The most orthogonal and intensity resolved pair comprised
mutants 51 and 37 (Figure 2b), which we subsequently named Pecan and Cashew,
respectively. Bioluminescent signal from 4’-BrLuc/Pecan is lower than that of p-luc/Cashew,
meaning that the two pairs are intensity resolved and amenable to rapid sequential imaging
(Figure 1c, Figure S1). 4’-BrLuc can be administered first (to illuminate Pecan), followed
immediately by p-luc (to illuminate Cashew). Since Cashew signal is brighter than Pecan,
the images can be readily unmixed. It is also important to note that while 4’-BrLuc/Pecan
signal is reduced relative to o-luc/Fluc, it is still sufficiently intense for applications /n vivo.

ACS Chem Biol. Author manuscript; available in PMC 2022 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rathbun et al. Page 4

Resolving Orthogonal Probes via Intensity Resolution and Linear Unmixing

To evaluate the reporters for rapid multicomponent BLI, we performed a series of /n vitro
experiments. Pecan and Cashew-expressing cells were lysed and distributed across black-
well plates. 4’-BrLuc was initially administered to each well, and an image of the plate was
acquired (Figure 3a). p-luc was then immediately added to the same wells, and a second
image was acquired. Because light output from Cashew is brighter, the Pecan signal fell
entirely within the noise of the second image. False colors were assigned to each reporter.
The images were then overlaid and a linear unmixing algorithm was employed to determine
the relative quantities of each mutant. The measured signal correlated linearly with probe
concentration (Figure 3b). Signal outputs from mixed lysate samples were also co-linear
with samples comprising a single luciferase, indicating minimal signal crosstalk. Rapid
imaging required the dimmest reporter to be visualized first (Supplementary Figure 2). The
unmixing algorithm is not necessary when the second target is more abundant than the first.
42 \When the second target (associated with the “brightest” luciferase) is in low abundance,
though, the algorithm is crucial for proper image interpretation. Unmixing ensures that
residual signal from the first image is eliminated and doesn’t interfere with the subsequent
image (Supplementary Figure 3 and Supplementary Discussion). Since the relative
abundance of multiple targets is unknown in a given experiment, the algorithm would be
employed in all cases by the end user.

These results underscore the notion that perfect substrate selectivity is not required for
differentiating multiple probes, broadening the potential impact of the approach. Many dual-
component imaging experiments rely on completely different classes of enzymes and
substrates that exhibit different bioavailabilities and administration routes.23:25:36 Sybstrates
that are more structurally similar can be easier to work with, but typically exhibit imperfect
orthogonality.31:32:45:48-49 The substrate unmixing algorithm takes advantage of these
imperfections (in the form of diagnostic fingerprints) and should be able to interface with the
dozens of luciferin analogs reported to date. Indeed, the “layering in” approach successfully
resolved combinations of p-luciferin analogs and their associated enzymes via rapid luciferin
administration (Supplementary Figure 4). Mixtures of Fluc and other commercially available
reporters (e.g., NanoLuc and Gaussia luciferase) were readily unmixed following sequential
addition of the corresponding substrates (Figure 4). Moreover, combinations of mammalian
cells could be visualized in a single imaging session (Supplementary Figure 5). These
examples suggest that the unmixing approach is generalizable to multiple luciferase
reporters that use unique substrates and exhibit a range of intensities. Additionally, the
unmixing approach is applicable to not only well-differentiated bioluminescent tools (e.g.,
orthogonal insect and marine luciferins), but also structurally similar probes (e.g., o-luciferin
analogs). This feature greatly expands the number of luciferase-luciferin pairs that can be
imaged in a single experiment, as perfectly orthogonal pairs are not required.

To showcase the utility of rapid unmixing, we performed a head-to-head comparison with
conventional bioluminescence imaging. The latter approach entails waiting for signal to
clear from one substrate, prior to administering the second. Since saturating doses of
luciferins are typically used, the clearance period can be several hours to days. Our approach
via sequential substrate application and signal unmixing can dramatically shorten this time
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frame, enabling improved temporal resolution. As an initial demonstration, mixtures of
Pecan- and Cashew-expressing mammalian cells were cultured in varying ratios (Figure 5a).
Conventional bioluminescence imaging was performed by adding one luciferin substrate (4’-
BrLuc) to illuminate the Pecan-expressing cells. Images were acquired until signal returned
to background levels (24 h, bottom row of Figure 5a). The second luciferin (p-luc) was then
applied to the cultures to capture Cashew-dependent signal. In total, the two-component
imaging study was complete in just over 24 h. By contrast, sequential substrate addition
followed by unmixing enabled two-component imaging in only 20 minutes (top row, Figure
5a).

We surmised that the unmixing algorithm would also enable rapid imaging /n vivo. As an
initial demonstration, Pecan- and Cashew-expressing cells were mixed in varying ratios and
implanted in mice (108 cells per site, Figure 6a). Upon injection of 4’-BrLuc, Pecan-
expressing cells were readily visualized (Figure 6b). Prior to substrate clearance, the brighter
luciferin (p-luc) was injected. Signal was then observed from Cashew-expressing cells.
Substrate unmixing revealed the expected distributions of Cashew- and Pecan-expressing
cells (Figure 6b and Supplementary Figure 6). Notably, the two-component imaging session
was complete in ~1 h, a significant improvement from the 6-24 h imaging window common
to other substrate-resolved probes.3! The bioavailabilities of the luciferins featured in this
experiment are similar, although this is not a requirement for unmixing. While the relative
composition of the cell masses can be readily visualized, the unmixing algorithm cannot
provide absolute quantification of bioluminescent signals in animals. Rather, the refative
amounts of signal are easily discerned and tracked. Samples with a large amount of Pecan
will appear “more green than red” in the unmixed images. As the reporter ratios change over
time, so too will the unmixed images. These measures are often paramount in optical
imaging /n vivo, and imaging relative differences is standard practice in most bioluminescent
applications.59-52 Similar intensiometric measures are routinely used in imaging with
fluorescent sensors.>3-55

Quantifying the number of cells (or other features) from bioluminescent images is possible,
but requires multiple standard curves and external validation. The relevant standard curves
are readily generated for /in vitroand in cellulo experiments (e.g., see Figures 3 and 5, where
bioluminescent outputs correlated with cell number and/or enzyme amount over a broad
range.) Such curves are rarely generated for /n vivo experiments, though, owing to the
complexities involved in standardizing optical signals within heterogeneous tissue.>6-57
Thus, applications of bioluminescence imaging /n vivo typically involve monitoring refative
changes in samples over time. The important takeaway is that the substrate unmixing
platform can be immediately employed in conventional applications of bioluminescent
probes, where detecting changes over time is often most important.

Generalization of Rapid BLI to Three Probes and Monitoring Cell Function

Having demonstrated the ability to rapidly deconvolute mixtures of two bioluminescent
probes, we examined whether the algorithm could be applied to larger collections of
luciferase reporters. Triple-component bioluminescence imaging has been historically
difficult to achieve, owing to a lack of protocols and methods to distinguish the probes.
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31.58-59 | one of the only Jn vivo examples reported, multiple days were required to
generate a composite image.3® Signal from one substrate had to clear before another could
be administered. We hypothesized that the “layering in” approach could dramatically speed
the imaging time, enabling more early events relevant to cell growth to be visualized.

As a model triple component set, we used Cashew and Pecan in combination with Antares, a
recently reported marine luciferase variant.50-61 Cashew and Pecan derive from the insect
luciferase family, and are thus immediately orthogonal to luciferases (like Antares) that use
vastly distinct luciferins (in this case, furimazine).1% Antares also exhibits markedly faster
substrate turnover than Cashew, rendering it brighter and intensity resolved from the other
two reporters.38 We thus reasoned that the three orthogonal luciferases could be rapidly
differentiated by first applying 4’-BrLuc, followed by p-luc, then furimazine to layer in
signal from Pecan, Cashew, and Antares, respectively. When the cells were combined and
imaged together, the three reporters could be rapidly visualized (<15 min) following
sequential substrate addition (Figure 7). Triplet imaging was also readily achieved using
other combinations of engineered and native luciferases (Supplementary Figures 7-8).

CONCLUSIONS AND FUTURE DIRECTIONS

In conclusion, we developed a strategy for rapid multicomponent bioluminescence imaging
based on substrate unmixing. This method takes advantage of both substrate and intensity
resolution to resolve mixtures of reporters. In this scenario, probe differentiation is less
impacted by tissue location, a parameter that has historically hindered efforts to resolve
colors in large organisms. We validated the unmixing approach in bacterial lysate, live cells,
and mouse models. A variety of bioluminescent reporters were readily resolved, and
bioluminescent outputs correlated with cell number and/or enzyme amount over a broad
range of concentrations /n vitro. The unmixing algorithm further enabled multiple
luciferases to be discriminated /7 vivo using conventional BLI instrumentation.

While the rapid unmixing approach is immediately applicable to experiments with widely
available bioluminescent probes, additional questions remain to be addressed. For example,
just how much intensity resolution is required for successful unmixing remains unknown.
The majority of probe sets tested exhibit >10-fold selectivity between matched enzymes and
substrates. It is likely that even less selective probes can be integrated into the approach,
though, and expand the number of features that can be imaged in a single setting.
“Crosstalk” between more enzyme-substrate pairs could potentially improve the unmixing
process, as the molecular signatures become more diagnostic. We also have not yet
established the dynamic imaging range that can be achieved with different combinations of
reporters. For example, it might not be possible to “see” a particular reporter if it is in low
abundance compared to another reporter. The kinetics of light emission and compound
transport into tissues must also be fully examined. These parameters could offer additional
mechanisms by which to discriminate orthogonal pairs.36:62

The limits of detection will be influenced not only by the inherent photon output (and thus
sensitivity) of each luciferase, but also the quantity of each reporter present and its tissue
location. The data presented in this manuscript demonstrate that ten-fold changes in relative
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abundance can be easily discerned. Further theoretical work and experimental data are
necessary to provide more definitive thresholds for different tissue types. Additional work is
also necessary to streamline the quantification of luciferase reporters in biological samples.
We have shown that the substrate unmixing platform can easily monitor re/ative changes in
luciferase levels. Tracking such information is standard practice, as traditional
bioluminescence applications rely simply on detecting changes in signal over time.
Identifying the absolute quantities of the reporters in unknown mixtures requires external
calibration curves. Whether or not such curves must be generated for every independent
experiment remains to be determined.

We anticipate that the rapid imaging approach reported here will enable a range of
applications, including monitoring multiple cell types and gene expression profiles /n vivo.
The development of additional intensiometric probes will also increase the number of
bioluminescent reporters that can be rapidly imaged in tandem, and work along these lines is
ongoing. An expanded toolkit for BLI will enable longstanding questions regarding
multicellular interactions to be addressed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Multicomponent bioluminescence imaging via serial substrate addition and unmixing. (a)
Sequential application of orthogonal luciferins (shapes) to illuminate multiple luciferase
reporters /n vivo. Linear unmixing algorithms can deconvolute substrate signatures, enabling
rapid and dynamic readouts of biological processes. (b) Bioluminescent probes must be
orthogonal and exhibit differential emission intensities for successful unmixing. When both
probes are equally “bright” (top), no resolution is possible. Probes of varying intensity
(bottom) can be distinguished when the dimmest probe is administered first. (c) A sample
orthogonal bioluminescent pair. Samples expressing mutant 51 or 37 can be resolved using
4’-BrLuc (100 pM) or p-luc (100 uM). Error bars represent the standard error of the mean

for n= 3 experiments.
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Identifying intensity resolved orthogonal pairs (a) Mutants considered for rapid BLI with 4°-
BrLuc and p-luc. Mutants 50, 51 (Pecan), 53, and 54 prefer 4’-BrLuc, while 37 (Cashew),
85, 86, 87, and 93 prefer p-luc.11 (b) Verifying orthogonality and substrate resolution /n
vivo. DBT cells expressing different mutant luciferases were implanted into the backs of
mice. Sequential application of 4’-BrLuc and p-luc enabled identification of optimal mutant
luciferase combinations for multicomponent imaging. Photon flux values from images were
quantified and plotted. Mutant luciferases 51 and 37 were identified as optimal candidates
for rapid multicomponent BLI.
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Rapid BLI /n vitro. (a) Pecan and Cashew were plated in a gradient fashion (as shown). The
samples were treated with 4’-BrLuc (100 uM), followed by D-luc (100 pM). Raw images
were acquired after each substrate addition. The substrate-specific signals were unmixed,
assigned false colors and overlaid. (b) Quantification of the images from (a), fit via linear
regression. In channel 1, R2 values for the Pecan control and co-culture wells are 0.993 and
0.994, respectively. In channel 2, R? values for Cashew control and co-culture are 0.998 and
0.993, respectively. Error bars represent the standard error of the mean for 7= 3
experiments.
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Figure 4.
Multiple orthogonal pairs can be rapidly unmixed. Established reporters examined include

firefly luciferase (Fluc), NanoLuc (Nluc), and Gaussia luciferase (Gluc). The corresponding
luciferins for each reporter are shown. Gradients of the luciferases were plated as shown.
The corresponding substrates ([p-luc] = 100 uM, [FRZ] = 1:40 of commercial stock, [CTZ]
=100 uM) were administered, beginning with the dimmest luciferin. Images were acquired
after each addition. The raw data were stacked, unmixed, and false colored.
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Rapid two-component BLI via substrate unmixing. (a) Cells expressing Pecan or Cashew,
were plated in a 96-well plate as shown. Sequential substrate administration (4’-BrLuc,
followed by D-luc, top row) and unmixing enabled two-component imaging in only 20 min.
Conventional bioluminescence imaging required >24 h to complete (bottom row). Data are
representative of /7= 3 replicates. (b) Quantified photon outputs for the images in (a), fit via
linear regression. In channel 1, R2 values for the Pecan control and co-culture wells are 0.98
and 0.99, respectively. In channel 2, R? values for the Cashew control and co-culture wells
are 0.95 and 0.97, respectively. Error bars represent the standard error of the mean for n=3

experiments.
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Figure®6.
Rapid BLI /n vivo. (a) Ratios of Cashew-and Pecan-expressing cells implanted in mice.

Orthogonal substrates (65 mM) were administered sequentially via i.p. injection (100 pL).
Images were acquired 35 min after each injection. (b) Unmixed channels for each mouse
replicate are shown. Color bars indicate normalized luminescence values.
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Figure7.
Rapid BLI with three luciferases and luciferins. (a) Cells expressing Pecan, Cashew,

Antares, or no luciferase (control) were plated in a 96-well plate. Sequential substrate
administration (4’-BrLuc, followed by p-luc, then furimazine) and unmixing enabled three-
component imaging. Data are representative of /7= 3 replicates. (b) Quantified photon
outputs for the images in (a). Error bars represent the standard error of the mean for 7= 3
experiments.
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