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The Journal of Immunology

A Novel Caspase-1 Biosensor to Monitor the Progression of
Inflammation In Vivo

Sarah Talley,* Olga Kalinina,† Michael Winek,‡ Wonbeom Paik,† Abigail R. Cannon,*

Francis Alonzo, III,† Mashkoor A. Choudhry,* Katherine L. Knight,† and

Edward M. Campbell*,†,‡

Inflammasomes are multiprotein complexes that coordinate cellular inflammatory responses and mediate host defense. Following

recognition of pathogens and danger signals, inflammasomes assemble and recruit and activate caspase-1, the cysteine protease

that cleaves numerous downstream targets, including pro–IL-1b and pro–IL-18 into their biologically active form. In this study,

we sought to develop a biosensor that would allow us to monitor the initiation, progression, and resolution of inflammation in

living animals. To this end, we inserted a known caspase-1 target sequence into a circularly permuted luciferase construct that

becomes bioluminescent upon protease cleavage. This biosensor was activated in response to various inflammatory stimuli in

human monocytic cell lines and murine bone marrow–derived macrophages. Next, we generated C57BL/6 transgenic mice

constitutively expressing the caspase-1 biosensor. We were able to monitor the spatiotemporal dynamics of caspase-1 activation

and onset of inflammation in individual animals in the context of a systemic bacterial infection, colitis, and acute graft-versus-host

disease. These data established a model whereby the development and progression of inflammatory responses can be monitored in

the context of these and other mouse models of disease. The Journal of Immunology, 2019, 203: 000–000.

N
umerous cell types, canonically cells of the innate im-
mune system, express cytosolic, nuclear, and membrane-
associated pattern recognition receptors (PRRs), which

are able to sense general danger signals, pathogen-associated
molecular patterns (PAMPs), and damage-associated molecular
patterns (DAMPs). PRRs then activate signaling cascades to co-
ordinate the appropriate immune response necessary for pathogen
clearance. A subgroup of cytosolic PRRs in the Nod-like receptor
(NLR) family and absent in melanoma 2 (AIM2)–like receptor are
capable of forming multiprotein complexes called inflammasomes
(1–11). Following recognition of their cognate ligand, NLR and
AIM2 recruit the adaptor protein apoptosis-associated speck-like
protein containing a CARD (ASC), which oligomerizes into

filamentous complexes, providing a platform for the recruitment
and subsequent activation of caspase-1 (1–4, 8, 10–15). In addi-
tion to the NLR and AIM2 family of proteins, other proteins such
as Pyrin, IFI16, and RIG-I also form functional inflammasomes
in response to various pathogens or danger signals (1, 5, 11,
16–18). As such, a myriad of PAMPs and DAMPs drive the
formation of multiple different inflammasomes, all of which
culminate in the proteolytic activation of caspase-1. Once acti-
vated, caspase-1 cleaves numerous downstream targets, such as
the proinflammatory cytokines pro–IL-1b and pro–IL-18, lead-
ing to their maturation and secretion from cells. The processing
and release of these cytokines and other inflammatory effectors
activates immune cells to initiate inflammatory responses. Al-
though inflammation is important for mounting immune re-
sponses, the timely resolution of inflammation is necessary to
prevent tissue damage following pathogen clearance. Maintaining
immune homeostasis is critical to host health, as dysregulation
of these inflammatory pathways underlines the pathology of nu-
merous diseases, including neurodegenerative diseases, intestinal
disorders, obesity, allergy, arthritis, diabetes, pulmonary diseases,
cancer, and many autoimmune disorders (3, 9, 11, 15, 19, 20).
Despite the central role inflammation plays in infections and

human diseases, the conventional methods used to measure in-
flammation have significant limitations, especially in vivo. The
primary methods used to detect inflammasome activation are the
proteolytic cleavage of pro–caspase-1 to caspase-1 by immunoblot
or secretion of IL-1b in the serum by ELISA, both of which
have notable limitations. Measuring the proteolytic cleavage of
caspase-1 by immunoblot requires tissue removal from sacrificed
animals, preventing the dynamic measurement of caspase-1 in
individual animals over time. Furthermore, modest and/or tran-
sient activation of caspase-1 can induce very consequential levels
of inflammation while being difficult or impossible to detect by
Western blot analysis of tissue homogenates. Similarly, some
models of disease are associated with inflammatory responses
sufficient to allow detection of IL-1b in the bloodstream, but this
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is often not the case, especially when inflammation is localized to
specific tissues. Moreover, even when IL-1b can be detected in the
bloodstream, this assay gives no insight regarding the tissue or
cells producing IL-1b. The inability to identify locations within
tissues where caspase-1 activation is occurring adds significant
limitations to both of these assays and makes them inherently
qualitative, rather than quantitative.
In this study, we developed a biosensor that directly monitors

caspase-1 activation, which allows us to monitor the kinetics and
magnitude of inflammatory responses in living animals over time.
We used a circularly permuted luciferase construct that is activated
upon proteolytic cleavage (21, 22) and identified a biosensor that
was strongly activated by caspase-1 in 293T cells. This biosensor
was also activated in response to stimuli that trigger NLRP3 and
AIM2 inflammasomes in THP-1 cells and murine bone marrow–
derived macrophages (BMDMs). Transgenic mice expressing
this sensor were generated and used to monitor inflammatory re-
sponses occurring in three animal models of disease. In models
of a systemic bacterial infection, dextran sodium sulfate (DSS)–
induced colitis and acute graft-versus-host disease (GVHD), bio-
sensor activation was observed in biologically relevant tissues
and cell types and correlated with expected pathological out-
comes and established inflammatory indices. These data indi-
cate that this biosensor can be a valuable means to monitor and
measure cellular inflammatory responses in living animals
throughout disease progression.

Materials and Methods
Cell culture

HEK293T and THP-1 cells were obtained from the American Type Culture
Collection. Cells were cultured at 37˚C in 5% CO2 in DMEM or RPMI
1640, respectively, supplemented with 10% FBS (Life Technologies) with
100 U/ml penicillin, 100 U/ml streptomycin, and 10 mg/ml ciprofloxacin.
THP-1 cells were treated with 100 ng/ml PMA for 48 h for differentiation
into macrophages. BMDMs were isolated as previously described (23).
Cells were cultured in DMEM high glucose (Hyclone) with 10% charac-
terized FBS (Life Technologies), 13 nonessential amino acids (Life
Technologies), 13 HEPES buffer (Hyclone), 100 U/ml penicillin, 100 U/ml
streptomycin, and 20 ng/ml M-CSF (PeproTech).

293T transfections and luciferase reporter assay

HEK293T cells were plated at ∼70% confluence in 100 ml DMEM in a
96-well black wall, clear bottom plate (Corning). Cells were allowed to
adhere to the wells for 3 h. Cells were transfected with a pGLO sensor
construct containing the target sequence in pro–caspase-7 and ASC and
pro–caspase-1 expression plasmids. Medium was replaced with CO2 in-
dependent medium supplemented with 10% FBS (Life Technologies) only
and allowed to equilibrate for 2 h prior to addition of GloSensor reagent
(Promega).

Generation of stable cell lines

Caspase-1 biosensors containing the IQAD amino acid target sequence
was synthesized (Integrated DNA Technologies) and cloned into pLVX
(XhoI and EcoRI). Lentiviral vectors were generated by transfecting
HEK293T with equal ratio of pLVX–IQAD, psPAX2 packaging construct
(from Dr. D. Trono, catalog no. 11348; National Institutes of Health AIDS
Reagent Program), and vesicular stomatitis virus glycoprotein (VSVg)
using polyethylenimine (PEI; Polysciences). After 48 h, supernatant was
harvested, filtered through a 0.45-mM filter (MilliporeSigma), and added to
cells. Cells were transduced by spinoculation (1200 g, 2 h at 13˚C) (24).
After 48 h, the medium was replaced with medium containing 5 mg/ml
puromycin.

In vitro inflammasome activation assays

DifferentiatedTHP-1 cells or BMDMswere plated in 48-well or 24-well plates
and stimulated with the indicated stimuli. Cells were primed with 10 ng/ml
LPS (from Escherichia coli 055:B5; Sigma-Aldrich) for 4 h, followed by
5 mMATP (InvivoGen) for 30 m or 1 h. Supernatant and cells were harvested
at the indicated time points for ELISA, immunoblot, and luciferase assays.

Alternatively cells were transfected with 10 mg/ml poly(dA:dT) (Sigma-
Aldrich) or 100 mg/ml poly(I:C) (Sigma-Aldrich) with Lipofectamine in
medium without antibiotics. Six hours later, supernatant and cells were
harvested for ELISA and luciferase assays. For caspase-1 inhibitor ex-
periments, THP-1 cells were treated with Z-WEHD-FMK (R&D Systems)
or DMSO control for 1 h prior to LPS stimulation. For in vitro luciferase
measurements, cells were lysed in 13 passive lysis buffer (Promega).
Lysates were plated in duplicate or triplicate in 96-well plates. Firefly
luciferase substrate (Promega) was added to each well, and luminescence
(relative light units) was quantified. IL-1b ELISA was performed
according to the manufacturer’s instructions (RayBiotech). Cytometric
bead array (CBA) (BD Biosciences) was performed according to the
manufacturer’s instructions, and samples were analyzed on an LSRFortessa.
The log2 fold change was calculated for each treatment group and heatmaps
were generated using RStudio.

Western blotting

For detection of caspase-1 in the supernatant, proteins were concentrated
from 500 ml of supernatant by methanol/chloroform precipitation. Protein
pellets were suspended in Nonidet P-40 lysis buffer (100 mM Tris, pH 8,
1% Nonidet P-40, 150 mM NaCl) containing a protease inhibitor mixture
(Roche), and protein concentration was quantified by BCA (Pierce;
Thermo Fisher Scientific). For detection of proteins in tissues, tissues were
homogenized in lysis buffer with protease inhibitor mixture, and homog-
enates were shaken on ice for 30 min. Homogenates were centrifuged at
3900 rpm for 10 min, lysates were collected, and protein concentration
was quantified as above. Proteins were mixed with 23 Laemmli
sample buffer and boiled at 100˚C for 5 min. Equal concentrations
of proteins were loaded onto a 4–15% gradient gel (Bio-Rad) and
transferred to a nitrocellulose membrane (Bio-Rad). Membranes were
incubated with anti–caspase-1 (Adipogen) or anti–b-actin (Santa Cruz
Biotechnology), followed by anti-mouse IgG conjugated to HRP
(Thermo Fischer Scientific). Ab complexes were detected using Super-
Signal West Femto Chemiluminescent Substrate (Thermo Fisher Scien-
tific), and chemiluminescence was measured in a FluorChem E machine
(ProteinSimple).

Generation of caspase-1 biosensor transgenic mice

Caspase-1 biosensors containing the IQAD target sequence were synthe-
sized (Integrated DNATechnologies) and cloned into the EcoRI and XhoI
sites of pCAG. SalI and HindIII digested DNA containing the CAG pro-
moter and intron, caspase-1 biosensor, and polyA sequencewas purified and
microinjected into zygotes of C57BL/6 mice (performed by Northwestern
Transgenic and Targeted Mutagenesis Laboratory). Progeny were geno-
typed by PCR of the tail DNA, and transgene-positive mice were identified.
The founder line that exhibited ubiquitous and robust transgene expression
in all tissues was expanded. For transgene expression quantification, mouse
tissues were homogenized, and RNAwas isolated (NucleoSpin RNA Plus;
Macherey-Nagel) and converted to cDNA (GoScript Reverse Transcrip-
tion System; Promega). Transgene or mouse b-actin expression was quan-
tified by quantitative RT-PCR using SYBR Green (Bio-Rad). Caspase-1
biosensor mice are maintained as heterozygote. All experiments were
performed according to protocols approved by the Institutional Animal
Care and Use Committee at Loyola University Chicago. All animals were
housed in pathogen-free conditions at Loyola University Chicago medical
campus (Maywood, IL); animals used for Staphylococcus aureus experi-
ments were housed in a BSL-2 facility at Loyola University Chicago
medical campus (Maywood, IL).

Lactate dehydrogenase measurements

Lactate dehydrogenase (LDH) cytotoxicity assay was performed according
to the manufacturer’s instructions (Pierce; Thermo Fisher Scientific).
Briefly, supernatants were collected and centrifuged to remove cell debris.
Maximum LDH activity was determined in supernatant from cells incu-
bated with 103 Lysis Buffer. Background LDH activity present in the
serum was measured using culture medium.

IVIS imaging

Mice were anesthetized using 2% isoflurane/air mixture delivered by the
Xenogen IVIS Spectrum XGl-8 Gas Anesthesia system and injected i.p. or
i.v. with a single dose of 150 mg/kg VivoGlo Luciferin for in vivo bio-
luminescence imaging. Anesthetized mice were placed in the IVIS imaging
chamber and imaged with the IVIS 100 Imaging System (Xenogen) 10 min
after i.p. administration of the luciferase substrate or immediately following
i.v. administration of the substrate. Bioluminescence was quantified and
analyzed use Living Image software.
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S. aureus culture and murine systemic infection model

Caspase-1 biosensor mice were infected with 107 CFU S. aureus as de-
scribed previously (25–27). Briefly, S. aureus (USA300 strain LAC) cul-
tures were grown in tryptic soy broth overnight at 37˚C and subcultured
1:100 in fresh tryptic soy broth at 37˚C for 3 h. Cultures were centrifuged,
and bacterial pellets were washed in PBS and normalized to an inoculum
of 108 CFU/ml. Mice were anesthetized via i.p. injection with 250 mg/kg
Avertin and infected via the retro-orbital plexus with 100 ml PBS con-
taining 107 CFU S. aureus. Tissues were isolated from infected animals
and homogenized using an electric homogenizer. CFU was enumerated by
plating tissue homogenates on tryptic soy agar plates for 16 h at 37˚C.
Tissue homogenates were centrifuged at 3900 rpm for 10 min, and su-
pernatant was collected for CBA analysis using BD CBA Flex sets and
mouse inflammation kit (BD Biosciences).

DSS-induced colitis model

Caspase-1 biosensor mice were exposed to DSS as described previously
(28). Briefly, mice were given molecular grade water with or without 2%
DSS (40,000 kDa; MP Biomedicals) for 5 d. For female mice, DSS
treatment was extended 48 h and DSS concentration was doubled to 4% for
the final 24 h. Mice were weighed daily throughout the course of the ex-
periment. On day 5 or 7, mice were injected with luciferase substrate and
sacrificed 10 min later. Colons were excised and bioluminescence was
measured ex vivo. Colon length was measured and fecal samples were
assessed for blood using a Hemoccult test (Beckman Coulter). Tissue
sections were fixed in 10% phosphate buffered formalin, paraffin embed-
ded, processed, and stained with H&E by AML laboratories (Saint
Augustine, FL) or homogenized and used for Western blot analysis of
caspase-1 activation. Colon samples were weighed and homogenized and
5 ml of homogenates were used for CBA (BD Biosciences).

GVHD model

On day 0, wild-type (WT) BALB/c mice were irradiated. Caspase-1 bio-
sensor mice were sacrificed and bone marrow cells were harvested as
described above. For splenocyte isolation, spleens were pressed through a
sterile 100-mm cell strainer. The cell strainer was flushed with medium to
dislodge the cells. Cells were centrifuged for 5 min, and pellets were
resuspended in ACK lysis buffer (Life Technologies) and washed with
medium. Splenocytes and bone marrow cells were counted and resus-
pended in 300 ml PBS. T cells were purified ($90% purity, confirmed by
flow cytometric analysis of CD3 expression on purified splenocytes) from
total splenocytes by negative selection, using biotin anti-mouse B220
(RA3-6B2), biotin anti-mouse CD11b (M1/70) and biotin anti-mouse
CD11c (N418), followed by incubation with magnetic nanoparticles conju-
gated to streptavidin (BD IMag Streptavidin Particles Plus; BD Biosciences).
Heparin was added prior to i.v. injection. Bone marrow cells (107) with or
without 5 3 106 splenocytes or bone marrow cells with 1.3–1.5 3 106

T cells were injected into recipient mice. All donor and recipients were sex
matched. Serum was collected from mice on day 7, and cytokine levels
were assessed by CBA (BD Biosciences). Clinical scores were obtained by
three independent researchers. Mice were given a score of 0–2 (2 being
most severe) in each of the following categories: activity, posture, fur
texture/grooming. Scores were totaled for each mouse. Weight loss was
measured separately and was not included in the clinical score. Percentage
of donor CD8+ and CD4+ T cells and their activation status was analyzed
by flow cytometry. All Abs were obtained from BioLegend (anti-H-2Kd
[SF11.1], anti-CD45.1 [A20], anti-CD4 [GK1.5], anti-CD8a [53-6.7], anti-
CD44 [IM7], anti-CD25 [PC61], anti-CD69 [H1.23F]).

Statistical analysis

Statistical significance was assessed using GraphPad Prism software
(GraphPad Software). Student t test was employed when comparing a
treatment group relative to those receiving no treatment (NT). One-way
ANOVAwas performed when comparing a group of data, followed by either
a Tukey post hoc test or Dunnett multiple comparison test to determine
significance. Data are represented as mean6 SEM or SD, and p , 0.05 was
considered significant.

Results
Generation of caspase-1 biosensors

To better monitor inflammatory responses in various disease set-
tings, we sought to develop a bioluminescent sensor that detects
caspase-1 activation. We employed a circularly permuted form of
luciferase, in which the N- and C-terminal domains necessary for

bioluminescence are physically separated by a flexible hinge region
(21). A caspase-1 target sequence found in pro–caspase-7 (here-
after referred to as IQAD) (29–32) was cloned into this linker
region, with the expectation that upon caspase-1 activation, this
sequence would be cleaved, allowing the two domains of lucif-
erase to associate (Fig. 1A). This results in a strong gain in lu-
ciferase activity, so that the degree to which caspase-1 is activated
can be quantified. We tested the ability of this biosensor to mea-
sure caspase-1 activation by transiently expressing our construct in
HEK293T cells. To reconstitute an inflammasome pathway in
these cells, we additionally cotransfected pro–caspase-1 and ASC
(33, 34) or a GFP sham, and luminescence was measured in living
cells. We detected robust activation of a biosensor containing the
IQAD caspase-1 target sequence (Fig. 1B). To evaluate the utility
of this biosensors in a more biologically relevant setting, we
transduced human monocytic THP-1 cells with lentiviral vectors
expressing our IQAD biosensor. Cells were differentiated with
PMA, then stimulated with LPS and ATP to activate the NLRP3
inflammasome. This treatment resulted in a significant increase in
luminescence and IL-1b secretion relative to untreated control
cells, indicating that the IQAD biosensor is activated in response
to inflammatory stimuli in vitro (Fig. 1C, 1D). On average, we
found ∼20-fold induction in luciferase signal in response to LPS
and ATP, although this number varied between experiments
ranging from ∼2–3-fold (low) to ∼50-fold (high) relative light
units relative to untreated cells (Supplemental Fig. 1A). To con-
firm that the IQAD biosensor signal quantitatively reports
caspase-1 activation, cells were treated with the caspase-1
inhibitor Z-WEHD-FMK and stimulated with LPS and ATP.
We found a dose-dependent decrease in biosensor activation in
the presence of increasing concentrations of caspase-1 inhibitor
(Supplemental Fig. 1B). We did not detect significant LDH ac-
tivity in the supernatant of LPS and ATP-stimulated cells, com-
pared with control, indicating that the IQAD biosensor is activated
in living cells (Supplemental Fig. 1C). We also transfected IQAD
cells with synthetic dsDNA poly(dA:dT) or dsRNA poly(I:C),
as cytosolic DNA and RNA triggers caspase-1 activation through
the AIM2 and NLRP3 inflammasomes, respectively (35–37). We
observed robust IQAD biosensor activation in response to both
poly(dA:dT) and poly(I:C) (Fig. 1E).

Generation of caspase-1 IQAD reporter mice

Transgenic mice expressing the IQAD biosensor were generated
by microinjection of a transgene containing the biosensor under
control of the chicken b-actin promoter and CMV early enhancer
for ubiquitous transgene expression (38–40) (Supplemental Fig. 2A).
The transgene was purified and microinjected into zygotes of
C57BL/6 mice (Supplemental Fig. 2B). Offspring were genotyped
by PCR of the tail DNA to identify positive founders. Four
founder lines were initially identified (Supplemental Fig. 2C), one
of which successfully delivered positive progeny that exhibited
ubiquitous transgene expression in all tissues (Supplemental Fig. 2D).
To determine if the IQAD biosensor was functioning in these trans-
genic mice, BMDMs from IQAD mice were treated with a panel of
inflammatory stimuli, and the luciferase signal generated from pro-
teolytic cleavage of caspase-1 and IL-1b secretion were measured. As
expected, biosensor activation and IL-1b secretion were detected in
BMDMs stimulated with LPS and ATP (Fig. 2A, 2B), and acti-
vated caspase-1 was detected in the supernatant of LPS and ATP-
stimulated BMDMs by Western blot analysis (Fig. 2C). We also
measured robust biosensor activation in BMDMs transfected with
poly(dA:dT) and poly(I:C) (Fig. 2D). We did detect cytotoxicity
in response to some inflammatory stimuli, including poly(dA:dT),
which is known to induce pyroptosis, and poly(I:C), whereas no
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cell death was detected in cells treated with LPS and ATP
(Fig. 2E). We also performed CBA to assess cytokine and che-
mokine secretion in parallel with biosensor activation. In addition
to IL-1b, LPS-primed cells treated with ATP secreted a panel of
inflammatory cytokines, including IL-1a, IL-6, and TNF as well
as the chemokines keratinocyte chemoattractant CXCL1, MCP-1,
MIP (MIP-1a, MIP-1b), and RANTES (CCL5) (Fig. 2F). Together,
these data suggest that caspase-1 biosensors are activated in cells
undergoing inflammatory responses.

IQAD biosensors are activated and secreted in response to
apoptotic stimuli

Although the IQAD recognition sequence in pro–caspase-7 is a
well-established target of caspase-1 in vitro and in vivo (29–31),
pro–caspase-7 is also activated by initiator caspases caspase-8, -9,
and -10 during apoptosis (29). To determine if the IQAD biosensor
was activated in cells in response to apoptotic stimuli, THP-1 cells
were treated with staurosporine, and biosensor activation was
quantified. Although we measured significant biosensor activation in
cell lysates following LPS and ATP treatment, we observed minimal
biosensor activation in lysates following staurosporine treatment

(Supplemental Fig. 3A). However, we did observe significant
biosensor activation in the supernatant of staurosporine-treated
cells, whereas we did not observe a similar increase in the
supernatant of cells treated with LPS and ATP (Supplemental
Fig. 3A). These data suggest that although the IQAD biosensor
can be activated in response to apoptotic stimuli, it is released
from apoptotic cells and retained in cells following inflammasome
activation. We next examined biosensor activation in internal or-
gans, including the thymus, which is known to have constitutively
high levels of apoptosis due to ongoing negative selection of de-
veloping T cells. When the thymus was excised from positive
transgenic mice and bioluminescence was measured, we observed
minimal biosensor activation in the thymus ex vivo, relative to
other tissues isolated (Supplemental Fig. 3B, 3C). Thus, although
the IQAD biosensor is activated by apoptotic stimuli in vitro, its
ability to serve as a biosensor of apoptosis in vivo is poor, po-
tentially because of degradation of the biosensor in the extra-
cellular environment or the rapid clearance of apoptotic cells
in vivo (41, 42).

Monitoring biosensor activation during S. aureus
systemic infection

To determine if caspase-1 biosensors could be used to monitor
inflammatory responses in vivo, we chose a systemic S. aureus
infection model. This Gram-positive bacterium is typically found
as a commensal but can become pathogenic, causing local skin
infections or more serious systemic illness, accompanied by
bacteremia, abscess formation in tissues, endocarditis, and mor-
bidity and mortality (43). The bacterium encodes a number of
virulence factors that potently stimulate inflammatory responses
(44, 45). S. aureus infection triggers PRRs and subsequent pro-
duction of inflammatory cytokines and chemokines, leading to
the recruitment of neutrophils and abscess formation in tissues
(46). Specifically, many components of the bacterial wall and
pore-forming toxins are capable of providing signal 1 via TLR2
activation and signal 2, driving inflammasome activation
(44, 46, 47). Multiple inflammasomes are known to be triggered
by S. aureus, mainly NLRP3 (47–51). Importantly, caspase-1 is
critical, as caspase-1–deficient macrophages are impaired in cytokine
production (52). To test the IQAD biosensor in vivo, we used a
model of S. aureus infection in the bloodstream, which induces
systemic inflammation in mice. IQAD mice were infected with
S. aureus (or PBS control) via retro-orbital injection, and lumi-
nescence was quantified 0, 1, 2, and 3 d postinfection using an
IVIS imaging system (Fig. 3A). For imaging, mice were injected
i.p. with 150 mg/kg VivoGlo Luciferin, a luciferase substrate
designed for measuring luciferase in live animal studies. Relative
to the background biosensor signal measured on day 0, the in-
fected mice exhibited increased biosensor activation over the
course of infection (Fig. 3A). On day 3, infected and control mice
were sacrificed following in vivo imaging, and the biolumines-
cence of individual organs was quantified ex vivo (Fig. 3B). We
detected increased luciferase signal in the livers, kidneys, hearts,
and spleens isolated from S. aureus–infected mice, whereas little
to no biosensor activation was detected in tissues isolated from the
PBS controls (Fig. 3B, 3C, data not shown). Notably, we measured
cleaved caspase-1 in infected tissues in which we detected high
levels of biosensor activation (Fig. 3D). Bacterial CFU and cy-
tokine expression were also quantified to determine if bacterial
burden and/or inflammatory markers coincided with areas of
bioluminescence. We detected bacterial colonization in all kidneys
and livers isolated from infected mice, consistent with the in-
creased biosensor activation detected in these tissues (Fig. 3E).
Bacteria were detected in the heart and spleen of some, but not all,

FIGURE 1. Caspase-1 biosensors are activated in response to inflam-

matory stimuli in vitro. Schematic representation of caspase-1 biosensor

design (A). The IQAD biosensor was transfected into 293T cells in the

presence of pro–caspase-1 (PC1) and ASC expression plasmids or a GFP

sham control plasmid. Thirty-six hours later, a live cell luciferase substrate

(GloSensor cAMP reagent; Promega) was added to cells, and luciferase

reads were taken 1–5 h after addition of the substrate (B). THP-1 cells

stably expressing the IQAD biosensor were differentiated with PMA, then

stimulated with LPS for 4 h followed by ATP for 30 min. Three hours later,

cells were lysed and luciferase activity was quantified (C). Supernatant

from IQAD THP-1 cells treated with or without LPS and ATP was har-

vested, and IL-1b levels were measured by ELISA (D). IQAD THP-1 cells

were transfected with poly(dA:dT) or poly(I:C); luciferase activity was

quantified 6 h later (E). Data shown are representative of at least three inde-

pendent experiments, displayed as mean6 SD (B and D) or fold change of the

means relative to the mean of the NT group 6 SD (C and E). ***p , 0.0001

by ANOVA followed by Tukey post hoc test comparing each column to its

respective time point (B), **p # 0.005, ***p # 0.0005, ****p , 0.0001 by

unpaired two-tailed t test (C–E).
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infected mice (data not shown). We also found increased expression
of a panel of inflammatory cytokines and chemokines in tissues and

serum isolated from infected mice, relative to uninfected controls
(Fig. 3F, 3G, data not shown). These data demonstrate that caspase-

1 biosensors are activated in vivo in response to S. aureus infection
and that we can monitor changes in biosensor activation over the

course of disease in living animals and in infected tissues ex vivo.

Monitoring biosensor activation during colitis

We next sought to measure biosensor activation in the context of
intestinal inflammation using an established model of DSS-induced
ulcerative colitis (28). We chose this model because, in the ab-

sence of caspase-1, DSS-induced colitis is alleviated, indicating
that caspase-1 activation is essential for intestinal inflammation

(53–55). Mice were treated with 2% DSS (or PBS control) ad
libitum in the drinking water for 5 d to induce acute colitis in

animals. Female mice did not exhibit colitis symptoms at this dose
and time point, so they were given an extra 48 h of DSS treatment

with a boost of 4% DSS the final 24 h of the experiment, con-
sistent with the idea that male mice are more susceptible to DSS-

induced colitis (56, 57). On day 5 or 7, mice were weighed,
injected with the luciferase substrate, and sacrificed. Colons were

extracted and bioluminescence was measured ex vivo. We found
biosensor activation in colons isolated from DSS-treated mice
on day 5 in males and day 7 in females (Fig. 4A). During colitis,
inflammation starts distally and becomes more proximal as disease
progresses. The detection of strong biosensor activation in the
distal colon is consist with this progression and demonstrates the
ability of this biosensor to monitor inflammation relevant to this
disease model. Areas where we detected biosensor activation and
control regions that did not exhibit bioluminescence were sec-
tioned and stained with H&E for histopathological assessment.
In tissue sections derived from areas of biosensor activation,
we found nodules with inflammatory infiltrate in the mucosa and
submucosa regions of the colon, as well as a loss of crypt integrity,
reduction of goblet cells, disruption of the epithelial barrier,
neutrophil infiltration, edema, and thickening of the muscularis
mucosae (Fig. 4A, 4B). None of these inflammatory hallmarks
were found in control sections from the same mice, although
we did find crypt elongation in some proximal sections where no
bioluminescence was detected (Fig. 4A, 4B, 14P). Notably, we
detected biosensor activation that corresponded with histopathol-
ogy even in mice that did not show extensive symptoms of disease
such as weight loss, colonic shortening, and blood in the stool

FIGURE 2. Caspase-1 biosensors are activated in BMDMs. BMDMs from IQAD biosensor mice were treated with 10 ng/ml LPS for 4 h, followed by

5 mM ATP for 30 m or 1 h. Luminescence was quantified from cells (A), IL-1b levels were quantified in the supernatant by ELISA (B), and caspase-1

activation was measured in the supernatant by Western blot (C). BMDMs from IQAD biosensor mice were transfected with poly(I:C) or poly(dA:dT) for

6 h, and luminescence was quantified (D). LDH and CBA analysis of supernatants from cells stimulated with the indicated treatment (E and F). LDH

activity is normalized to the LDH maximum control (100% cytotoxicity), with the red dashed line representing the average LDH activity in unstimulated

BMDMs (E). The log2 fold change relative to the NT group was calculated and plotted as a heatmap, where each cytokine/chemokine is displayed on the

x-axis (F). Data shown are representative of at least three independent experiments from different donor IQAD mice, displayed as fold change of the means

relative to the mean of the NT group 6 SD (A and D), mean 6 SD (B), or the mean percentage cytotoxicity across n = 3 experiments, mean 6 SEM (E).

*p # 0.05, **p # 0.005, ***p # 0.0005, ****p , 0.0001 by unpaired two-tailed t test (A, B, and D) or by ANOVA followed by Dunnett multiple

comparison test comparing each column to the control NT column (E).
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(Fig. 4A–C, data not shown). To determine if biosensor acti-
vation corresponded to areas of caspase-1 activation in the
colon, we isolated sections where we detected strong biosensor
activation or control sections that exhibited little to no bio-
sensor signal in the colons of mice treated with DSS. We de-
tected activated caspase-1 specifically in areas of biosensor
activation (Fig. 4D). We also found increased expression of
inflammatory cytokines/chemokines, including IL-6, keratinocyte
chemoattractant, IL-1b, and TNF, in the colons isolated from
DSS-treated mice relative to the untreated controls (Fig. 4E).
Together, these data demonstrate that the IQAD biosensor is
activated early in the course of DSS-induced colitis in inflamed
regions of the colon.

IQAD biosensors are activated in alloreactive donor cells
during GVHD

Recently, caspase-1 activation has been reported to occur in
immune cells of nonmyeloid origin during immune responses,

including those occurring in models of autoimmune disease

(20, 58–61). To determine if our sensor was activated in such

contexts, we used an established model of GVHD. GVHD is a

reaction that occurs following the transfer of donor immune cells

(the graft) into an allogeneic host (62). Donor T cells recognize

host alloantigens as foreign, leading to their activation and the

production of proinflammatory cytokines and migration into host

tissues including the skin, gastrointestinal tract, and liver (62–64).

FIGURE 3. Caspase-1 biosensors are activated in S. aureus–infected mice. Representative IVIS images of caspase-1 biosensor mice infected with

S. aureus or PBS day 0, 1, 2, and 3 after systemic infection (A). Regions of interest were drawn (red gates), and max radiance (p/s/cm2/sr) was quantified.

Data are expressed as fold max radiance relative to the max radiance detected in individual animals on day 0. IVIS images of tissues day 3 postinfection (B).

Biosensor activation measured ex vivo in the kidneys and livers of control and infected mice (C). Tissues were homogenized and lysed for Western blot

analysis of cleaved caspase-1 or b-actin (D). Western blot depicts caspase-1 activation in three control mice and three infected mice that exhibited the

highest biosensor signal in the kidneys and livers (D). Homogenates were plated to enumerate bacterial CFU (E). Homogenates were centrifuged and

supernatant was collected for CBA analysis (F and G). Heatmaps depict log2 fold change in cytokine/chemokine expression relative to the average of three

control mice (G). Data shown are representative of three independent experiments (n = 7 PBS control and n = 25 WT S. aureus–infected animals). Data

depicted in (C)–(G) are from one experiment (n = 3 PBS, n = 8 S. aureus–infected mice). *p # 0.05, **p # 0.005 by unpaired two-tailed t test (C–F).
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Inflammasome activation in T cells has been shown to con-
tribute to the production of inflammatory cytokines (20, 58–61).
We hypothesized that the biosensor would become activated
in alloreactive donor T cells, and we could quantify biolumi-
nescence in these cells and track their movement in the host
over the course of disease. Furthermore, because the biosensor
is only expressed in the donor cell population, we could spe-
cifically study donor-driven immune responses. To assess the
IQAD biosensor in the context of GVHD, bone marrow cells
and splenocytes were isolated from IQAD biosensor mice and
transferred into irradiated WT C57BL/6 mice (syngeneic
transfer) or BALB/c mice (allogeneic transfer). As a control,
bone marrow cells only were transferred into irradiated allo-
geneic recipients, as this is necessary to reconstitute the host
hematopoietic system but does not cause GVHD in mice (65–67).
At various time points posttransfer, mice were imaged in vivo and
bioluminescence was quantified. As expected, we found no bio-
sensor activation in the syngeneic C57BL/6 mice or in the allo-
geneic BALB/c mice that received bone marrow cells only
(Fig. 5A). However, robust biosensor signal was detected in vivo
in BALB/c mice that received bone marrow cells and splenocytes
(Fig. 5A). Biosensor signal first appeared in an area near the site
of the spleen and over time, the signal spread to the abdomen.
Mice were sacrificed on day 7 because of weight loss .20% in
most animals. On day 7, prior to euthanasia, mice were imaged

in vivo and then sacrificed, and biosensor activation was mea-
sured in tissues. We detected strong bioluminescence in the spleen
and moderate signal in the intestines and mesenteric lymph nodes
(Fig. 5B, 5C). By day 7, these mice exhibited increased clinical
scores, as measured by decreased activity, hunched body posture,
and lack of grooming, and had lost ∼20–25% of their body
weight, indicative of acute GVHD (Fig. 5D, 5E). We also detected
increased levels of cytokines and chemokines in the serum of
GVHD mice, including TNF and IL-6 (data not shown). Although
we are unable to determine if these cytokines/chemokines are
donor or host derived, their presence in the serum is consistent
with GVHD manifestation. To determine if the biosensor activa-
tion was occurring in donor T cells, T cells were isolated from
IQAD mice by negative selection and transferred into syngeneic
C57BL/6 CD45.1 recipient or allogeneic BALB/c mice. Mice
were sacrificed 7 d after cell transfer, and biosensor activation was
measured in vivo and ex vivo. As before, we detected bio-
sensor activation in allogeneic recipient mice, specifically
in the spleen, mesenteric lymph node, and small intestines
(Supplemental Fig. 4A–C). We next isolated splenocytes and
measured luciferase signal in vitro. We detected increased
luciferase signal per cell in splenocytes isolated from allo-
geneic recipient mice compared with splenocytes isolated
from the syngeneic control (Supplemental Fig. 4D). Flow
cytometric analysis of these splenocytes revealed increased

FIGURE 4. Caspase-1 biosensors

are activated in inflamed areas of the

colon during colitis. Representative

IVIS images of caspase-1 biosensor

male mice treated with DSS for 5 d

(male control, DSS 01, DSS 02) and

female mice treated with DSS for

7 d (female DSS 08, 88, 14, 64) (A).

Tissue sections were acquired and

histopathology was assessed. Rep-

resentative images of histology sec-

tions obtained from the indicated

mouse/region of the colon shown in

(A), labeled with a P for proximal

section or D for distal section (B).

H&E stain of colons shown in (A),

imaged at 403 magnification. Black

arrows point to histopathological

features of colitis including loss of

crypts (08D, 88D), epithelial damage

(08D), and inflammatory infiltration

(88D, 14D), as well as crypt elonga-

tion (14P). Weight loss in male mice

day 5 (white) or female mice day 7

(black) after DSS exposure (C). Tis-

sue sections were isolated from re-

gions of the colon where biosensor

activation was detected (+) or control

regions where no biosensor activation

was detected DSS. Tissues were ho-

mogenized and lysed for Western blot

analysis of cleaved caspase-1 or b-actin

(D). Heatmaps depict log2 fold change

in cytokine/chemokine expression in

DSS mice relative to the average of

two control mice (E). Data shown

are representative of four indepen-

dent experiments (n = 5 control and

n = 17 DSS-treated mice). NS by

unpaired two-tailed t test (C).
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CD8 to CD4 T cell ratio and increased CD8 T cell activation
in donor cells isolated from mice with GVHD (Supplemental
Fig. 4E, 4F). Because all mice received the same donor cell

population, collectively these data suggest that the IQAD
biosensor is specifically activated in alloreactive T cells in
mice with GVHD.

FIGURE 5. Biosensors are activated in alloreactive donor cells during GVHD. Bone marrow cells (107)6 53 106 splenocytes from biosensor mice were

transferred into irradiated C57BL/6 or BALB/c mice via i.v. injection. Representative IVIS images of mice at the indicated time points following syngeneic

or allogeneic transfer of biosensor cells (A). Max radiance was quantified within the region of interest for each mouse and graphed as fold max radiance

relative to the max radiance detected on day 2, after transfer of biosensor cells but prior to disease development (A). On day 7, tissues were harvested and

biosensor activation was measured ex vivo in the spleen, mesenteric lymph node (MLN), and intestines (B and C). Clinical scores (D) and weight loss (E)

were measured in control and GVHD mice. Error bars indicate mean 6 SEM. Dots represent individual mice (n = 4 control, n = 13 GVHD) *p # 0.05 (C),

(n = 5 controls, n = 12 GVHD) **p # 0.005 (D), and (n = 7 control, n = 18 GVHD), ***p , 0.0005 by unpaired two-tailed t test (E).

8 NOVEL CASPASE-1 BIOSENSOR TO MONITOR INFLAMMATION IN VIVO

 at U
m

ea U
niversity L

ibrary on Septem
ber 29, 2019

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1900619/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1900619/-/DCSupplemental
http://www.jimmunol.org/


Discussion
In this study, we describe a bioluminescent sensor that quantita-
tively reports caspase-1 activation in cells and in living animals. We

focused on caspase-1 because a diverse repertoire of PAMPs and

DAMPs drive activation of a number of different inflammasomes,

all of which culminate in the activation of caspase-1. The biosensor

design was based on previously published circularly permuted

luciferases that contain a protease recognition sequence between

the two domains of the protein (21, 22, 68, 69). We hypothesized

that if a caspase-1 target sequence was placed into the luciferase

construct, then we would detect luciferase signal whenever caspase-

1 was active in a cell. We initially screened a number of caspase-1

target sequences and identified the strongest luciferase signal in

cells expressing the circularly permuted luciferase containing the

IQAD target sequence from pro–caspase-7. Pro–caspase-7 is a well-

established downstream target of caspase-1 (29–31, 70) and our

data support this, as IQAD was cleaved in response to a variety of

inflammatory stimuli in vitro and in vivo.
Our ultimate goal was to use caspse-1 biosensors to monitor

inflammatory responses in vivo. To this end, we chose a S. aureus

infection model of systemic inflammation and colitis model of

tissue specific inflammation to validate our biosensor in living

animals and tissues ex vivo. We detected bioluminescence that

accumulated overtime in mice infected with S. aureus (Fig. 3). We

also measured biosensor activation in tissues from S. aureus–

infected mice and in the colons of mice with colitis (Figs. 3, 4).

One caveat to using transgenic mice expressing IQAD biosensors

is the level of background bioluminescence. These mice can ex-

hibit up to ∼106 p/s/cm2/sr biosensor signal under normal condi-

tions, with the highest signal occurring at the site of injection (tail

or peritoneal cavity). In our experiments, we overcame this by

quantifying the fold change in biosensor activation relative to the

signal measured on day 0. However, background signal can be

problematic when measuring small changes in bioluminescence

in the abdomen area, as was the case with our colitis model.

Additionally, detecting biosensor signal in vivo from certain tis-

sues, like the kidneys, was difficult, because these organs are

physically obstructed by other organs in the mouse. Despite the

background signal in vivo, the ability to detect distinct areas of

caspase-1 activation within tissues proved to be advantageous in

our colitis model. Biosensor signal reliably identified colonic re-

gions with increased inflammatory infiltration and loss of crypts

in a model of DSS, which induced only moderate pathology ob-

served in classical histopathological assessment and other exper-

imental measurements of colitis (weight loss, colonic shortening,

and Hemoccult) (Fig. 4). Notably, in both the S. aureus infection

and colitis models, we detected active caspase-1 in tissues or re-

gions of tissues that exhibited strong bioluminescence (Figs. 3, 4).

These data highlight the potential of IQAD biosensor mice as

guides to identifying locations in animals or within tissues where

inflammatory responses are occurring.
We next wanted to evaluate the sensitivity of our biosensor using

a stimulus or model of disease that does not induce robust in-

flammation. We speculated that because of the aforementioned high

background in the IQAD biosensor mice, it would be very difficult to

detect subtle changes in biosensor activation in these animals.

However, if we transferred hematopoietic cells expressing the IQAD

biosensor into irradiated WT mice, then we would be able to spe-

cifically monitor biosensor activation in immune cell populations in a

WT host. To test this, we chose a model of acute GVHD. Our data

demonstrate that the IQAD biosensor was activated in alloreactive

T cells in specific tissues, primarily the spleen, in irradiated allo-

geneic recipient mice (Fig. 5, Supplemental Fig. 4). Donor cells

were specifically activated in the context of GVHD, because little
to no biosensor was detected in the allogeneic mice that received
bone marrow cells only or in the syngeneic mice that received the
same population of bone marrow cells and splenocytes. Accu-
mulating evidence has supported a role for NLRP3 inflammasome
and caspase-1 activation and IL-1b production in T cells (58, 61)
and, more generally, in autoimmune diseases (20, 60). Martin
et al. (59) recently reported a T cell–intrinsic inflammasome that
drives production of IL-1b via NLRP3 and caspase-8. Pro–caspase-
7 is a well-established target of caspase-8, so it is possible that
caspase-8 is driving IQAD sensor activation in this model. Never-
theless, biosensor activation allowed the severity of disease to be
readily monitored in this setting. The ability to monitor alloreactive
T cell populations highlights the potential use of IQAD biosensors
for monitoring T cell responses in the context of various autoim-
mune diseases.
We did observe substantial differences in the specificity of our

IQAD sensor in response to inflammatory and apoptotic stimuli
in vitro and in vivo. Although we observed that our biosensor was
activated by apoptotic stimuli in vitro, sensor activation in these cells
led to the release of the sensor into the supernatant, whereas the
biosensor was retained in cells following treatment with inflammatory
stimuli (Supplemental Fig. 3A). This is not entirely surprising, given
the known degree of cross-talk between apoptotic and inflammatory
caspase pathways (5, 71, 72). However, we did not observe sensor
activation in the thymus where constitutively high levels of apoptosis
are known to occur (Supplemental Fig. 3B). This is likely due to the
fact that apoptotic cells are known to be cleared rapidly by tissue
resident macrophages in vivo (41, 42) and/or biosensor degradation in
the extracellular environment following release from apoptotic cells.
Despite this observation, our in vitro data suggest that corroborative

evidence to discriminate between apoptotic and inflammatory caspase
activation should be sought when possible, especially in model
systems in which the mechanisms of pathogenesis are unknown.
In conclusion, we developed a bioluminescent reporter that

detects caspase-1 activation. This biosensor is activated in response
to a variety of inflammatory stimuli and murine models of human
disease. Inflammation is a dynamic process, and the ability to
track and quantify the initiation and onset of inflammatory re-
sponses in individual animals overtime has both experimental and
economic value. Ultimately, we hope that this biosensor, when
used concurrently with other conventional assays that measure
inflammasome/caspase-1 activation, will help to identify novel
sites of inflammation in animals and tissues, which may facilitate
the development and evaluation of future therapies for inflam-
matory diseases.
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