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ABSTRACT: Caspase-1 is a key mediator of the inflammasome pathway, which is associated with several inflammatory
disorders including obesity, diabetes mellitus (DM), cardiovascular diseases (CVDs), cancers and chronic respiratory
diseases. Although substrate-based probes can be used to visualize the activity of caspase-1, none are selective enough
for use as imaging agents. Here, we report the design and synthesis of a AND-gate substrate probe (Cas1-Cat-Cy7) that
requires processing by both caspase-1 and cathepsins to produce a signal. Because both enzymes are only found to-
gether and active at the site of inflammasome activation, the resulting probe can be used to image caspase-1 mediated
inflammation. We demonstrate that the probe produces selective signals in ex vivo biochemical and cellular assays and

in a mouse model of acute inflammation.

The inflammasome is a multiprotein complex crucial for innate im-
mune responses'. The complex can be activated by pathogen-
associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs). Upon activation, the inflammasome
recruits and activates the protease caspase-1 through adapter
proteins such as ASC (Apoptosis-associated speck-like protein
containing a caspase activation and recruitment domain)?. Active
caspase-1 cleaves gasdermin D, leading to the formation of pores
in the cellular membrane and eventually a lytic form of cell death
known as pyroptosis®. While appropriate inflammasome activa-
tion is critical for host defense, dysregulated inflammasome activ-
ity is linked to autoimmune diseases*, metabolic disorders®, can-
cers®, cardiovascular diseases’ and neurodegenerative condi-
tions®. Hence, direct optical imaging of inflammasome activity has
high value for understanding disease mechanisms and facilitating
therapeutic development. Current optical probes for inflam-
masome activity rely only on caspase-1 activity®'2. These probes
typically use a peptide sequence (e.g., YVAD or WEHD) linked to
a fluorophore and quencher. Caspase-1 cleaves the substrate se-
quence, separating the quencher from the fluorophore, giving flu-
orescent signal (Figure 1a). Although substrate-based probes can
be used to visualize the activity of caspase-1, selectivity is often
limited by other enzymes that process the substrate. A cathepsin-
caspase-1 AND-gate probe is a next-generation molecular tool
designed to address the limitations of traditional caspase-1
probes by requiring activation from multiple enzymes that are only
present and active together at sites of inflammasome mediated
inflammation to generate a signal (Figure 1b). Cathepsins are a
family of lysosomal proteases critical to cellular homeostasis and
various physiological processes'®. Notably, highly concentrated
cathepsin activity is associated with sites of inflammation. Active
caspase-1 cleaves gasdermin D, resulting in pyroptosis. Pyroptic
cells release IL-1B and IL-18"%, which is important for the activa-
tion of macrophages'®. These proinflammatory macrophages up-
regulate the expression of cathepsins. In the simplest scheme, a
Cas1-Cat-Cy7 AND gate probe is first cleaved by active caspase-

1 during pyroptosis, then is internalized and cleaved by lysosomal
cathepsins produced by macrophages recruited to the inflamma-

tion site (Figure 1c).
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Figure 1. a). Scheme of single-substrate caspase-1 probe. b).
Scheme of cathepsin-caspase-1 AND-gate probe. c). Cartoon of
Cas1-Cat-Cy7 AND-gate probe being cleaved by active caspase-
1 and then internalized and cleaved by lysosomal cathepsins in
macrophages.

An AND-gate probe targeting apoptotic caspases and cathepsins
for imaging tumors has been described previously by Widen et
al'’. This probe utilizes a D-glutamic acid (D-Glu) as the central
linker due to its high in vivo stability compared to L-glutamic acid
(L-Glu)'". To generate a caspase-1/cathepsins AND-gate sub-
strate, we attached the two substrate peptides containing the
same quencher group to the two carboxylic groups of the D-glu-
tamic acid linker. We then attached a fluorescent dye to the free
amino group on the linker (Figure 2a).
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Figure 2. a). Structure of cathepsin-caspase-1 AND-gate probe Cas1-Cat-Cy7 and the corresponding negative control D-Cas1-Cat-
Cy7. D-Cas1-Cat-Cy7 contains a D-Phe in the P2 position of the cathepsin sequence and a D-Asp in the P1 position of the caspase-
1 sequence to block proteolytic cleavage by the respective protease. b). Progress curve of Cas1-Cat-Cy7 incubated with cathepsin L
followed by caspase-1 compared with negative control probe D-Cas1-Cat-Cy. c). Progress curve of Cas1-Cat-Cy7 incubated with
caspase-1 followed by cathepsin L compared with negative control probe D-Cas1-Cat-Cy. Cas1-Cat-Cy7 and D-Cas1-Cat-Cy were
used at 5 uM. Cathepsin L was used at 5 nM. Caspase-1 was used at 10 nM. RFU, relative fluorescence units. Data represents three

replicates.

Fluorescence activation occurs only after both peptides have
been cleaved by caspase-1 and cathepsins. We chose to use
a non-natural peptide sequence that has previously been
shown to be specifically processed by caspase-1 (Asp-Pro-ter-
tLeu-Tyr)'® and the previously validated peptide substrate that
is cleaved efficiently by cysteine cathepsins (Lys-Phe)'. Alt-
hough these substrates are quite selective for their intended
proteases, application of single-substrate probes in vivo is lim-
ited by background non-specific activation. The AND-gate
strategy reduces this non-specific activation by requiring both
enzymes to be activated at the site of inflammation. We chose
to use a sulfoCy5-sulfoCy7 fluorophore-quencher pair due to
the potential use for ratiometric imaging®. Consistent with our
previous design, the final fluorescent fragment produced after
protease cleavage contains two free amine groups that remain
protonated and retained in low pH lysosomes of macrophages.

We synthesized the caspase-1-cathepsin AND-gate probe,
Cas1-Cat-Cy7. We also synthesized a negative control probe
D-Cas1-Cat-Cy7, in which the natural L-Asp in Caspase-1
substrate P1 is replaced by D-Asp and L-Phe in the Cathepsin
substrate P2 is replaced by D-Phe to prevent cleavage by ei-
ther protease. To test the probes, we incubated them with re-
combinant human cathepsin L (hCatL) and caspase-1 either
separately or sequentially in combinations (Figure 2b-c). Nota-
bly, we found that the Cas1-Cat-Cy7 probe produced an en-
hanced fluorescence signal only when both cathepsin and
caspase-1 were incubated sequentially. As expected, we
found negative control probe D-Cas1-Cat-Cy7 did not show
any fluorescence increase after incubation with the two en-
zymes.
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Figure 3. Representative fluorescence microscopy images of EA.hy926 cells cocultured with RAW 264.7 cells labelled with either
Cas1-Cat-Cy7 or D-Cas1-Cat-Cy7 under Leica MICA Microhub microscope (20x). Cells were incubated with Val-boroPro (50 uM) for
2h before probe (1 uM) was added and incubated for another 2h. Fluorescence was collected at Cy5 channel. Scale bar: 20 ym. a).
Coculture of EA.hy926 and RAW 264.7 cells were incubated with Val-boroPro (50 uM) for 2h and then Cas1-Cat-Cy7 (1 uM) was
added and incubated for another 2h. b). Coculture of EA.hy926 and RAW 264.7 cells were incubated with Cas1-Cat-Cy7 (1 uM) for 2h.
c). EA.hy926 cells were incubated with Val-boroPro (50 uM) for 2h and then Cas1-Cat-Cy7 (1 uM) was added and incubated for another
2h. d). Coculture of EA.hy926 and RAW 264.7 cells were incubated with Val-boroPro (50 uM) for 2h and then D-Cas1-Cat-Cy7 (1 uM)
was added and incubated for another 2h. e). Coculture of EA.hy926 and RAW 264.7 cells were incubated with D-Cas1-Cat-Cy7 (1 uM)
for 2h. f). EA.hy926 cells were incubated with Val-boroPro (50 uM) for 2h and then D-Cas1-Cat-Cy7 (1 uM) was added and incubated
for another 2h. g). EA.hy926 cells were incubated with Cas1-Cat-Cy7 for 2h. h). EA.hy926 cells were incubated with D-Cas1-Cat-Cy7
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for 2h. i). Quantification of the fluorescence signal from microscopy images. N=20. Statistical analysis was performed using two-way

analysis of variance (ANOVA), ****P <0.0001.

We next evaluated the Cas1-Cat-Cy7 and D-Cas1-Cat-Cy7 in
a co-culture of Ea.hy926 and RAW 264.7 cells. Ea.hy926 were

incubated with Val-boroPro (50 uM) for 2h to induce pyroptosis.

It has been shown previously that RAW 264.7 cells under VBP
stimulation do not express active caspase-12'. Cas1-Cat-Cy7
or D-Cas1-Cat-Cy7 were added to the cells for 2h before ac-
quiring images. We observed significant fluorescence signal
within 2h. As expected, Cas1-Cat-Cy7 was processed and
produced a fluorescent signal in the RAW 264.7 macrophage
cells only when VBP was added and both cells were present,
while D-Cas1-Cat-Cy7 did not produce a fluorescent signal in
any conditions (Figure 3a and Figure S1, S2). Furthermore,
EA.hy926 cells treated with Cas1-Cat-Cy7 in the absence of
RAW cells (Figure 3c) or VBP (Figure 3b) did not show any
fluorescence signals. Finally, neither probe showed any acti-
vation with EA.hy926 cells in which caspase-1 was knocked
out (Figures S3, S4). These results suggested that the Cas1-

Cat-Cy7 probe is cleaved by caspase-1 expressed by
Ea.hy926 cells during pyroptosis, and then is internalized and
cleaved by lysosomal cathepsins in the macrophages, where
the fluorescent signal is retained in the lysosomes.

We next evaluated the Cas1-Cat-Cy7 and D-Cas1-Cat-Cy7
probes in an LPS-ATP induced mouse model of inflammation.
Sixteen female B6NTac mice were purchased from Taconic
(Germantown, NY, USA) and housed in a 12:12 light-dark cy-
cle with standard rodent chow and water provided ad libitum.
Mice (n=10) were anesthetized (using 2% isoflurane) and
acute inflammation was induced using a subcutaneous injec-
tion of LPS and ATP (LPS+ATP; 5 ug and 5 mg, respectively,
in 30 uL deionized water) in the dorsal surface of the left hind
paw. A subset of mice which not treated with LPS+ATP (n=6)
served as controls'®. Maximum fluorescent activation was ob-
served at 8h.
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Figure 4. In vivo optical imaging of acute hindpaw inflammation using Cas1-Cat-Cy7. a). Representative in vivo fluorescence images
of mice that were untreated (n=6) or injected with LPS+ATP (n=10, 5 ug and 5 mg, respectively) in the dorsal surface of the left hindpaw
(red arrowhead). Cas1-Cat-Cy7 and D-Cas1-Cat-Cy7 probes were administered intravenously, and images were collected over an 8-
hour period using a Cy5 filter (ex=649 nm, em=666 nm) on an VIS SpectrumCT. b). Comparison of the mean total radiant efficiency
([p/s)/[WW/cm?; calculated based on signal difference between the left and right hindpaw of each mouse) using the Cas1-Cat-Cy7 and
D-Cas1-Cat-Cy7 in LPS+ATP treated and untreated mice. A two-way analysis of variance (ANOVA), followed by Tukey post-hoc
multiple comparison test was used to compare differences in total radiant efficiency between LPS+ATP treated and untreated mice

using Cas1-Cat-Cy7 and D-Cas1-Cat-Cy7 over time.

As shown in Figure 4, mice treated with the Cas1-Cat-Cy7 probe
showed significantly increased fluorescence signal over baseline
in the LPS/ATP treated paw (left paw) compared to the untreated
paw (right paw). In addition, the signal in mice treated with the
Cas1-Cat-Cy7 probe was significantly increased compared to
mice treated with the negative control probe D-Cas1-Cat-Cy7,

suggesting that signal enhancement was due to protease activity.

However, we did note that the negative control probe had rela-
tively high background signal in the LPS/ATP treated paws. It is
likely that this background signal is the result of accumulation of
the un-cleaved probe caused by increased blood flow at the site
of inflammation. Ratiometric imaging offers potential to reduce
the impact of such background signals because the probe can
be calibrated using a ratio of the fluorescent intensities of two
emission bands (cy5 and cy7)%. This eliminates background sig-
nals from the un-cleaved probe that might otherwise be inter-
preted as enzyme activity.

In summary, we describe the synthesis, characterization, and bi-
ological application of a Cas1-Cat-Cy7 AND-gate probe for se-
lective imaging of inflammasome activity in vivo. We demon-
strate in a EA.hy926 cell pyroptosis model as well as LPS-ATP
paw inflammation mouse model that the probe shows selective
activation that is dependent on both caspase-1 and cathepsin
activity. Our data suggests that Cas1-Cat-Cy7 can be used for
selective in vivo imaging of inflammasome activity. We believe
this will be particularly valuable for pre-clinical testing of thera-
peutics designed to treat inflammation-related diseases.
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