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ABSTRACT: Granzymes (Gzms), a family of serine proteases,
expressed by immune and nonimmune cells, present perforin-
dependent and independent intracellular and extracellular
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functions. When released in the extracellular space, GzmA, with [

trypsin-like activity, is involved in the pathophysiology of different S Qe m‘?‘.“ /T
inflammatory diseases. However, there are no validated specific = - i detection |
systems to detect active forms of extracellular GzmA, making it Weena : 5 Sepic =
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DABCYL) to specifically detect GzmA activity in tissue samples
and biological fluids in both mouse and human samples during -
inflammatory diseases. An initial probe was developed and

incubated with GzmA and different proteases like GzmB and others with similar cleavage specificity as GzmA like GzmK,
thrombin, trypsin, kallikrein, or plasmin. After measuring fluorescence, the probe showed very good specificity and sensitivity for
human and mouse GzmA when compared to GzmB, its closest homologue GzmK, and with thrombin. The specificity of this probe
was further refined by incubating the samples in a coated plate with a GzmA-specific antibody before adding the probe. The results
show a high specific detection of soluble GzmA even when compared with other soluble proteases with very similar cleavage
specificity like thrombin, GzmK, trypsin, kallikrein, or plasmin, which shows nearly no fluorescence signal. The high specific
detection of GzmA was validated, showing that using pure proteins and serum and tissue samples from GzmA-deficient mice
presented a significant reduction in the signal compared with WT mice. The utility of this system in humans was confirmed, showing
that GzmA activity was significantly higher in serum samples from septic patients in comparison with healthy donors. Our results
present a new immunoprobe with utility to detect extracellular GzmA activity in different biological fluids, confirming the presence
of active forms of the soluble protease in vivo during inflammatory and infectious diseases.
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Granzymes (Gzms) are a family of serine proteases into the extracellular milieu where they will exert different
expressed in immune and nonimmune cells that are perforin-independent extracellular functions” mainly related to
classified according to their cleavage specificity. In humans, five extracellular matrix degradation and regulation of inflamma-
Gzms have been described (A, B, H, K, and M), while 10 have tion.” Extracellular GzmB has been involved in wound healing,
been described in mice (A, B, C, D, E, F, G, K, M, and N). skin aging, coagulation, and endothelial cell barrier integrity. 7
However, GzmA and GzmB are the most abundant and still On the other hand, extracellular GzmA has been shown to
best characterized.' Together with perforin, Gzms constitute activate inflammation in different cell Wpess_lz and has been
the main component of the granule exocytosis pathway.”” This

is a specialized form of intracellular protein delivery, by which Received: February 7, 2024 Phafacoiogy
cytotoxic T (Tc) and natural killer (NK) cells release Gzms Revised:  April 5, 2024 o

into the cytosol of target cells through perforin-mediated Accepted:  April 10, 2024

membrane pores. Once in the cytosol Gzms will induce Published: April 22, 2024

different biological functions including cell death and pathogen
inactivation.” > On the other hand, Gzms can also be released
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involved in several inflammatory and autoimmune diseases
including endotoxicosis, sepsis, arthritis, colitis, and inflamma-
tory colorectal cancer.”’””"® Although increased levels of
soluble GzmA have been detected in biolo?gical fluids of human
inflammatory or infectious diseases,”'®'” it is not clear yet
whether the active forms of soluble GzmA are released during
these pathologies. This is challenging since, based on its
cleavage specificity, GzmA belongs to the family of trypsin
proteases that includes the closest homologues of GzmA,
GzmK, thrombin, trypsin, plasmin, or kallikrein, all of which
are proteases that, similar to GzmA, can be present in
extracellular fluids and cleave similar peptide sequences as
GzmA. Albeit extracellular protease activity is tightly regulated
by the presence of extracellular inhibitors to avoid tissue
damage, it is well-known that either an increase in the protease
levels or a decrease of the inhibitor levels occurs physiolog-
ically to promote different functions like coagulation, cell
migration, or tissue repair.lg’lg However, dysregulation of this
balance will lead to the pathological function of these proteases
in different diseases. Thus, the detection of the active forms of
these proteases like GzmA would not only confirm its role in
inflammatory diseases but, in addition, allow the use of it as a
biomarker for disease monitoring.

Several sensors have been developed to detect protease
activity in biological fluids based on FRET assays that present a
high sensitivity.”” These sensors often consist of a short
peptide linked to a donor and an acceptor in close proximity;
thus, the emission of the fluorescence donor is quenched by
the acceptor. When the protease cleaves the peptide substrate,
it will cause the FRET pair to separate and the fluorescence
signal to increase.”"””> However, specific probes or biosensors
capable of discriminating GzmA from its closest homologues of
the trypsin family have not been previously validated, and thus,
at present it is not possible to reliably detect soluble GzmA
activity in inflammatory and autoimmune diseases with high
morbidity and mortality.

In this work, we have developed a fluorescent peptide-based
probe that allows selective detection of GzmA activity in
comparison with GzmB, GzmK, and thrombin and further
using it to develop an immunoprobe based on the peptide and
a GzmA-specific antibody for highly specific detection of
GzmA, differentiating it from its closest homologues trypsin,
plasmin, and kallikrein. These probes have been validated in
vitro and in vivo using different samples including cell/tissue
lysates and fluids from WT and GzmAX® animals and human
samples from healthy donors and septic patients, supporting its
application to detect active forms of GzmA in both human and
mouse systems.

B MATERIALS AND METHODS

Reagents, Proteins, and ELISA. The DNA sequences
encoding amino acid residues of the mouse and human GzmA
were synthesized by GenScript (USA) for expression in Pichia
pastoris using the protein expression vector pPICZaA, called
pPICZaA-m/hGzmA. Both plasmids contain at the 5’ end a
two-residue amino acid sequence encoding for the GzmA
inactive zymogen. pPICZaA-GzmA were linearized by Sacl-
HF overnight at 37 °C and transformed by electroporation
into X-33 yeast strain, clones were selected on YPD plates
containing 200 ug/mL of zeocin (InvivoGen, USA) and
colonies were grown in BMGY medium overnight at 30 °C in a
shaking incubator (250 rpm). Batch yeast cells were harvested
by centrifugation and resuspended in BMMY medium to
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induce expression at room temperature for 72—96 h with
shaking at 250 rpm. Methanol was added every 24 h to a final
concentration of 1% v/v. The supernatants containing soluble
secreted zymogens (pro-Gzms) of GzmA were filtered using
0.4S5 and 0.22 pm filters and concentrated to 20—40 mL using
a PelliconTM XL Biomax 10 kDa (Merck-Millipore,
Germany). Subsequently, GzmA was dialyzed against buffer
A (25 mM MES pH6) and loaded into a 1 X S mL His-Trap
Column (GE Healthcare, USA) previously equilibrated on an
AKTA purifier system. Following loading, the column was
washed with buffer B (25 mM MES pH 6, 150 mM NaCl) and
proteins were eluted using a NaCl gradient (0 to 1M) in buffer
A. Fractions containing GzmA were pooled, and buffer
exchanged into buffer C (150 mM NaCl, 4 mM NaH,PO,,
16 mM Na,HPO,; pH7.5) using a PD-10 desalting column
(GE Healthcare, USA). The eluted fractions were concentrated
and stored at —80 °C until used for the experiments. Pro-
GzmA was activated by incubation with Cathepsin C (Sigma,
USA) in buffer C supplemented with 0.2 M sodium acetate,
pH S5.5. GzmA activity of every stock was assessed by
hydrolysis of the commercial substrates Bz-Pro-Phe-Arg-
pNA-HCl (Bz-PFR-pNA; BACHEM, Switzerland) for
mGzmA and Z-Gly-Pro-Arg-pNA acetate salt (Z-GPR-pNA;
BACHEM, Switzerland) for hGzmA in enzyme-specific buffer
(100 mM TRIS pHS.5) at 37 °C as previously described.”

Human GzmK and GzmB were purchased from Enzo Life
Sciences (USA). Thrombin, plasmin, trypsin, and kallikrein
were purchased from Merck Millipore/Sigma-Aldrich (Ger-
many).

A mouse GzmA homemade ELISA has been previously
described."

Mouse Strains. Inbred C57Bl/6JRccHsd (B6) and mouse
strains deficient for GzmA (GzmA™~) and GzmK (GzmK™~),
bred on B6 background, were maintained at the Centre for
Biomedical Research of Aragon (CIBA), and analyzed for their
genotypes as described.”> Mice from both sexes and 8—10
weeks of age were used in all experiments that were performed
in accordance with FELASA guidelines under the supervision
and approval of the Ethics Committee for Animal Exper-
imentation from the University of Zaragoza (number: PI164/
17).

Mouse Infection with LCMV and Escherichia coli. Mice
were infected with 10° pfu of LCMV strain WE intra-
peritoneally (i.p.) according to the established protocols.”* On
day 8 postinfection, the time at which the peak of cellular
immune response is reached, blood samples were collected
from mice by the technique of cardiac puncture, and plasma
was recovered by centrifugation at 3700 X g. Tissues (spleen
and liver) were isolated and homogenized in RIPA buffer
according to the manufacturer’s instructions (Sigma, USA).
CD8" cells were positively selected from spleens using a-CD8-
MicroBeads (MiltenyiBiotec, Germany) with MACS (Milte-
nyiBiotec, Germany) and resuspended in RIPA lysis buffer.
The purity of selected CD8" cells was assessed by FACS
staining and was found to be between 95 and 98% in all cases.
All samples were stored at —80 °C before using in cleavage
assays.

An E. coli strain previously isolated from the blood of mice
suffering from abdominal sepsis” was used. Inoculum for
sepsis induction was prepared by culturing E. coli stock in LB
medium at 37 °C to the exponential growth phase and washed
twice with cold phosphate-buffered saline (PBS). The
absorbance at 600 nm was measured to estimate the number
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of bacteria in the culture. Bacterial density was adjusted to 1 X
10° bacteria/ml and sepsis was induced in mice by i.p. injection
of 2 X 10° bacteria in PBS.> After 24 h, plasma samples were
obtained and stored as described above.

Patients. A total of 19 healthy donors and 28 patients with
a diagnosis of abdominal sepsis were prospectively recruited
for hospital admission at University Hospital Lozano Blesa in
Zaragoza, Spain. Blood samples (26) and peritoneal lavage
samples (2) were collected. Blood samples were spun down at
2000 X g for 10 min and serum was stored at —80 °C. The
procedure was previously approved by the Clinical Ethics
Committee of Aragon (CEICA) under number P118/023

HPLC-MS Analysis. The enzymatic cleavage was moni-
tored by HPLC-MS using an HPLC Agilent Technologies
1200 with a Kinetex C18 50 X 4.6 mm column and a diode
array detector. Eluents: H,O (0.1% HCOOH) and ACN
(0.1% HCOOH). Flow: 1.0 mL min~". The MS detector was
configured with an electrospray ionization source, and nitrogen
was used as the nebulizer gas.

FRET Assays. Two potential GzmA protease substrates
based either on short peptide screening, VANRSAS™® (probe-
1) or in a natural substrate cleavage sequence, EDMAKSD-
KAR” (probe 2) were synthesized with a fluorescent donor at
the amino (N-) terminal, carboxyfluorescein (FAM), and a
fluorescent quencher at the carboxyl (C—) terminal, 4-(4-
dimethylaminophenylazo)benzoic acid (DABCYL), by Peps-
can (Switzerland). The probe is 96.1% pure according to its
supplier. The rest of the compounds are commercial; therefore,
their purity is guaranteed by their providers.

Measurement of quenching efficiency was determined using
a 1:1 donor/acceptor ratio at the optimal excitation and
emission wavelengths (Ex,,, = 415 nm, Em,,, = S17 nm) and
calculated by dividing fluorescence intensity in the presence
and absence of 1 uM quencher according to the following
equation:

%quenching = F /F X 100

F,: fluorescence in the quenched state. F: fluorescence in the
activated state.

The fluorescence was measured in a FluoroMax-P
spectrofluorometer (Horiba), and data were analyzed using
the software DataMax.

Analysis of proteolytic activity with FRET probes was
performed using different concentrations of pure proteins from
the same batch at 37 °C in a thermostatic microplate shaker.
Assays were performed using 1 uM substrate in a final volume
of 100 uL in enzyme-specific buffer (100 mM TRIS-HCI pH
8.5) in 96-well plates. FAM dequenching was monitored at
475—517 nm for the indicated times. A negative control
reaction was also performed using the same reaction with an
inactive precursor (pro-GzmA) or without enzymes. A trypsin
0.05% solution (Gibco, Thermo Fisher Scientific, USA) was
used as a positive control. Experiments were repeated at least
three times.

In order to normalize the activity of the proteases used in
the in vitro FRET assays with probe-1, the specific proteolytic
activity of every protease was quantified with the general
trypsin-like protease substrate Na-CBZ-L-Lysine thiobenzyl
ester hydrochloride. The experiment was performed as
indicated above for the specific GzmA substrates, but in this
case, the substrate was previously activated with 5,5’-dithio-
bis(2-nitrobenzoic acid). In the case of GzmB presenting

1476

aspartase activity, the specific substrate Ac-Ile-Glu-Pro-Asp-
pNA (Ac-IEPD-pNA) was used.

Activity assays were carried out to analyze the specificity of
every protease (hGzmA, mGzmA, hGzmK, hGzmB, thrombin,
plasmin, kallikrein, and trypsin) for probe-1 and to calculate
the kinetic constants of the proteases that cleaved probe-1.

The kinetics were analyzed by incubating the proteases with
probe-1 at 37 °C for 24 h in a final volume of 200 ul in the
enzyme-specific buffer. The concentrations of proteases were
66.7 nM hGzmA, 4 nM mGzmA, 3.7 nM kallikrein, 4.3 nM
plasmin, 0.4 nM trypsin, 16.8 nM thrombin, 2.4 nM hGzmK,
and 0.2 U/uL hGzmB corresponding to the same enzyme
activities calculated as indicated above. The peptide concen-
tration was 1 uM. Fluorescence was measured every 5 min
during the first hour, every 15 min during the second hour,
every 30 min the following two h, and finally, every hour up to
24 h as indicated above. The specific increases at 4 and 24 h
were calculated by subtracting the values at time 0 from the 4
and 24 h values, respectively.

Those proteases that cleaved probe-1 were used to calculate
the kinetic constants. They were incubated with different
probe-1 concentrations (from 20 to 0.16 uM) using the same
enzyme units except hGzmA which was diluted to 16.68 nM.
The total volume of the reaction was 100 uL in enzyme-
specific buffer, and fluorescence was measured in a 96-well
plate reader (BioTek Synergy HT) as indicated above. To get
an accurate result on kinetic constants, the measurement was
made every 5 min during 1.5 h at 37 °C. Fluorescence units
were transformed into activity values by extrapolating on a
FAM calibration curve. These activity values were plotted
against time, resulting in different curves for each substrate.
The slope of these curves in their initial linear part was the
reaction velocity (V,). Vo values were plotted against substrate
concentrations and the Ky and V_, parameters were
calculated using Michaelis—Menten nonlinear regression in
GraphPad.

Protease Activity in Biological Samples. After the
selection of optimum substrate and incubation time, 10 yL of
different tissue lysates and serum samples were mixed with 1
UM probe-1 at 37 °C in 96-well plates (100 yL/well) and
incubated for 1 h using an enzyme-specific buffer. Fluorescence
was monitored at 475 and 520 nm. Experiments were repeated
at least twice.

Analysis of Protease Activity Using a Combination of
Anti-GzmA Antibodies and Probe-1. For selective
detection of hGzmA, a combination of a specific hGzmA
mADb with FRET probe-1 was used. Commercial plates with
precoated hGzmA mAb were used (Thermo Fisher, USA).
Different concentrations of pure proteases and samples (sera
and peritoneal lavages) from septic patients were incubated for
2 h at RT. After washing the plate with buffer (1X PBS, 0.05%
Tween 20) the FRET probe was added at 1 uM and incubated
at 37 °C. Fluorescence was measured after 1, 2, 4, 20, and 24 h
of incubation as indicated above. In the case of mGzmA, the
protocol was similar, but in this case, we used a rabbit
antimouse GzmA to coat plates at 2.5 yg/mL in coating buffer
(1X PBS) for 24 h at 4 °C.

Statistical Analysis. Statistical analyses were performed
using GraphPad software, version 7. The difference between
means of unpaired samples was performed using a two-way
analysis of variance with Dunnet’s post-test or using unpaired
t-test as indicated in the legend of each figure. The difference
between the inhibition percentages was performed by a two-
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Figure 1. Possible states of peptide depending on the donor—acceptor distance. When the quencher DABCYL and the fluorophore FAM are close
in the same peptide, the fluorescence emitted by FAM is quenched by DABCYL. However, if a protease cuts the specific peptide sequence, the
distance of quencher and fluorophore increases, so the quenching effect disappears and FAM fluorescence emission is detected. Hence, we can find

two possible states: “quenched” and “active”.
— 1h

£ £
£ — 1h E
2 — 4h 2 — 4h
£ 24 h £ 24 h
4x107 4x10-7
2x1077 2107
O L e e e N o777 T T T —
Q © o H M O HO D D QO b o » QO D D
N > PP NSRS N O PPN RS
VAR N P VAT R N P P
GzmA (ug) GzmA (ug)

Figure 2. Sensitivity of probe-1 and probe-2 against mGzmA. Different concentrations (from 10 to 0.039 ng) of recombinant mGzmA were
incubated with probe-1 and probe-2 both at 1 uM. After 1, 4, and 24 h of incubation, the fluorescence intensity was measured (A, = 475 nm, 4, =
520 nm). At each of the values obtained, the signal of peptide alone was subtracted. Enzyme activity values were calculated by extrapolating
fluorescence units on a FAM calibration curve. Data are presented as mean of three independent experiments.
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Figure 3. Probe-1 detects both mouse and human GzmA activity. (A) Emission spectra of the probe-1 alone (20 #M) or after incubation with
hGzmA or mGzmA (20 nM) at 37 °C for 16 h. (B) Kinetics of the fluorescence intensity of probe-1 (20 uM) after incubation with hGzmA or
mGzmA (20 nM).

way ANOVA test. In all cases, a statistically significant and mouse GzmA,>°">® and designed two quenching
difference was determined as * p < 0,05; ** p < 0,01; *** p fluorescence resonance energy transfer (FRET)-based probes
< 0,001; ****p < 0,0001. using FAM as the donor and the quencher DABCYL as the
acceptor (Figure 1).

B RESULTS Efficiency, Sensitivity, and Specificity of Probes. First
Peptide Substrate Design. We selected 2 peptides based of all, we analyzed the ability of mouse GzmA to cleave probe-
on the potential sequences present in short peptides and 1 and probe 2. As shown in Figure 2, probe-1 was able to
natural substrates that most likely could be cleaved by human detect enzymatic activity until 78 ng of mGzmA after 1 h of
1477 https://doi.org/10.1021/acsptsci.4c00065
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Figure 4. Sensitivity of probe-1 for human and mouse GzmA. (A) Different
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concentrations (from 4000 nM to 0,488 nM) of recombinant mGzmA

and hGzmA were incubated with probe-1. After 1 h, the fluorescence intensity was measured (4., = 475 nm, A, = 520 nm) and transformed into
enzyme activity value calculated by extrapolating fluorescence units on a FAM calibration curve. Data are presented as the mean + SEM of three
independent experiments. (B) Theoretical molecular weight of the intact probe-1 and of the cleaved peptide fragments. (C) Probe-1 alone (20

uM) and incubated with hGzmA (20 nM) at 37 °C for 16 h was analyzed
using mGzmA (20 nM).

by HPLC-MS. (D) Same experiment as that in B was performed but

incubation. After 4 and 24 h incubation, the sensitivity
decreased, detecting 0.625 and 1.250 pg of mGzmaA,
respectively. In contrast, probe-2 detected similar enzymatic
activity for different concentrations of mGzmA after 1 h of
incubation, and after 4 h and after 24 h of incubation probe-2
was not capable of detecting mGzmA enzymatic activity at any
concentration.

Based on these results, we selected probe-1 to further
analyze its potential as a GzmA-specific detection system and
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analyzed the different parameters to evaluate the performance
of such a probe using both human and mouse GzmA. The
sensitivity of probe-1 for hGzmA and mGzmA was analyzed.
First, we analyzed the kinetics of probe-1 cleavage by mGzmA
or hGzmA. The emission of probe-1 was analyzed in the
absence or presence of GzmA. As expected, the peptide alone
emits almost no signal at 520 nm, but the peptide after
incubation with GzmA emits a great fluorescence signal
(Figure 3A), being slighter higher when using mGzmA in
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comparison with hGzmA. Confirming this result, detailed
kinetics analyses during 12 h showed that probe-1 was more
efficiently cleaved by mGzmA than hGzmA (Figure 3B), albeit
in both cases a remarkable fluorescence signal was detected,
indicating that probe-1 is useful for detecting GzmA activity in
both mice and humans

Next, the sensitivity was calculated by incubating different
concentrations of GzmA with probe-1 for 1 h. As shown in
Figure 4A, the sensitivity for mGzmA was higher than that for
hGzmA independently of the concentration used. Detection
limits were 0.972 and 3.9 nM for mGzmA and hGzmA,
respectively.

To confirm that probe-1 was specific toward GzmA and
cleavage occurred at the expected site (VANR]S), the
enzymatic reaction was monitored using HPLC-MS. As
shown in Figure 4B—D, probe-1 alone resulted in a single
peak, whereas after incubation with either human (Figure 4C)
or mouse (Figure 4D) GzmaA, two clear peaks were detected,
whose respective masses corresponded with the expected
cleaved fragments.

Specificity of Probe-1 for GzmA and Other Proteases.
A few previous studies have developed fluorescent probes to
detect intracellular GzmA activity, mainly in human cells.”” ™'
However, the specificity of these probes was mainly assessed
against proteases that were not closely related to GzmA in
terms of cleavage specificity. Thus, we decided to determine
whether probe-1 was able to selectively detect GzmA in
comparison with the closest homologues to GzmA regarding
cleavage specificity (trypsin-like activity), which could be
expressed in cells, serum, or other biological fluids. The serine
proteases selected were hGzmA, hGzmK mGzmA, plasmin,
thrombin, kallikrein, and trypsin. In addition, we included
GzmB as a negative control as one of the main members of the
Gzm family. In order to perform a meaningful comparison, we
needed to use the same amount of enzymatic units, thus, the
activity of the different trypsin-like proteases was equated using
a common substrate, Na-CBZ-L-lysine thiobenzyl ester
hydrochloride, as indicated in methods (Supp. Figure 1).

As shown in Figure SA, trypsin and mGzmA efliciently
cleaved probe-1 reaching the highest fluorescent after
approximately 2 and 12 h, respectively. Probe-1 was cleaved
more slowly and similarly by kallikrein, plasmin, and hGzmA,
and the highest fluorescent intensity was not reached even after
24 h. Probe-1 was not cleaved by hGzmK and thrombin or
GzmB. Significant differences were found when comparing
trypsin with the other proteases, which cleave probe-1 except
for mGzmaA.

Next, we calculated the kinetic constants of every protease
using the same EU and different concentrations of probe-1
using Michaelis—Menten nonlinear regression. As shown in
Figure 5B, hGzmA has the lowest Vmax and a very low Km,
indicating a high affinity for the peptide. However, mGzmA is
the protease with higher values of K, and V., so it is the
enzyme with less affinity for substrate. Other proteases such as
kallikrein, plasmin, and trypsin have similar kinetic constants,
so their affinity for probe-1 is comparable.

Analysis of Probe Specificity Using Samples from WT
and KO Mice. The selectivity of probe-1 was also analyzed
using lysate supernatants from different tissues and cells from
WT and GzmA®° mice infected with LCMV that increased
GzmA expression. As shown in Figure 6A, the activity of
GzmA was significantly higher in WT than in GzmAX° mice in
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Figure S. Kinetics of different proteases with probe-1. (A) Probe-1 (1
uM) was incubated with the same EU of each protease (calculated as
indicated in methods) in 100 mM TRIS-HCI buffer pH 8.5. The
fluorescence intensity (dq, = 475 nm, A, = 520 nm) was measured at
37 °C for 24 h. The values obtained at each time were subtracted
from the signal of the peptide in the absence of enzymes. The curves
represent the mean + SEM of 3 independent experiments. Statistical
analyses were performed by the two-way ANOVA test with
Bonferroni’s post-test. ****p < 0.0001. (B) Different concentrations
of probe-1 (from 20 to 0.16 uM) were incubated with the different
proteases: hGzmA (16.68 nM), mGzmA (4 nM), kallikrein (3.7 nM),
plasmin (4.3 nM), and trypsin (0.4 nM). The fluorescence intensity
(Aexe = 475 nm, A, = 520 nm) was measured every S min for 90 min.
At each of the values obtained, the peptide signal in the absence of
enzymes was subtracted. Km and Vmax parameters were calculated in
GraphPad Prism by using Michaelis—Menten nonlinear regression.

all samples assayed, confirming a good selectivity of probe-1 to
detect GzmA in ex vivo-derived biological samples.

The probe-1 was further validated by analyzing serum of
septic WT and GzmAX© mice infected with E. coli.

As shown in Figure 6B, there was a significant difference in
probe-1 activity in WT and GzmAX° mice, although the
differences were less pronounced than in the case of tissue/cell
samples (SA) suggesting the presence of other proteases in
serum that could process probe-1. This result agrees with our
data showing that probe-1 is also cleaved by proteases like
plasmin, trypsin, and kallikrein all of which have been shown to
be released in serum during inflammatory processes.”” "

Sensitivity and Selectivity of GzmA Activity Detec-
tion by Combining Specific mAb and Probe-1. Although
probe-1 showed good selectivity to detect GzmA activity in
tissue/cell samples, in order to use it to detect GzmA activity
in serum and plasma samples, we decided to develop a system
combining a GzmA-specific monoclonal antibody (mAb) with
probe-1 (GzmA immunoprobe; Figure 7A). After adding
GzmA to mAb-coated plates, probe-1 was added, and
fluorescence was measured at different time points. As
shown in Figure 7, this approach showed a very good
sensitivity since as low as 93.75 nM of hGzmA (Figure 7B) and
0.732 nM of mGzmA (Figure 7C) were detected.
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Figure 6. GzmA activity in tissue/cell lysates and serum samples of WT and GzmA*°mice infected with LCMV or E. coli. C57B1/6 (B6) WT or
GzmAX© mice were inoculated with 10° pfu of the LCMV WE strain or with 2 X 10° CFU of E. coli intraperitoneally. (A) After 8 days, mice were
sacrificed and spleens and livers were collected and frozen. In parallel, CD8"T cells were enriched from splenocytes as indicated in the Materials
and Methods. Lysate supernatants were prepared as indicated in Materials and Methods, and GzmA activity was monitored after 1 h of incubation
with probe-1. (B) After 24 h of sepsis induction, mice were sacrificed, and serum samples were collected. The fluorescence intensity (1, = 475 nm,
Aem = 520 nm) was measured after 1 h. At each of the values obtained, the signal of samples without probe-1 and probe-1 without samples were
subtracted. Data are represented as the mean values + SEM of at least three different mice from two independent experiments. Statistical analysis
was performed using unpaired ¢ test. ** p < 0.01; ****p < 0.0001; ns, not significant.

In addition, it was shown that the signal induced by the
proteases that cleaved probe-1 (trypsin, plasmin, and
kallikrein) was significantly (almost completely) reduced
using the GzmA immunoprobe (Figure 7D).

To further confirm the selectivity of the GzmA immunop-
robe, we analyzed activity in plasma samples from WT and
GzmAX© mice in two different inflammatory disease models,
sepsis induced by E. coli and familial hemophagocytic
lymphohistiocytosis (fHLH). In the later model, Perforin
(Perf) deficient mice were used to mimic human type 2 fHLH
caused by mutations in the Perf gene.”

As shown in Figure 7E, the signal obtained with the GzmA
immunoprobe in plasma from WT or Perf® mice was almost
completely depleted in plasma from GzmAX® or PerfxGz-
mAxBX© mice. In the case of the fHLH model, we employed
PerfxGzmAxBX® mice, available in our lab, to compare with
the samples obtained from mice deficient in Perf.

Analysis of Human Fluid Samples with a GzmA
Immunoprobe. Once we had confirmed the specificity of the
GzmA immunoprobe in human and mouse models, we
analyzed if the GzmA immunoprobe could be used to detect
extracellular GzmA activity in human samples. To this aim, we
used serum and peritoneal lavage samples from patients
diagnosed with sepsis and healthy donors (HD; only serum).
As shown in Figure 8, GzmA activity was detected in both
serum and peritoneal lavage from septic patients, while it was
absent in all HDs. This result confirms that the GzmA
immunoprobe can be used for the detection of extracellular
GzmA in biological fluids from both mice and humans
suffering from inflammatory diseases.

B DISCUSSION

Gzms have been found in extracellular fluids of humans with
different pathologies and recent evidence obtained using
experimental models has shown that these extracellular Gzms
are involved in the pathophysiology of different inflammatory
diseases.” For example, GzmB is involved in coagulation, skin
aging, integrity of cellular barrier and so on.”” Extracellular
GzmA has been shown to regulate inflammation in different
cell types”™"" and it is involved in diverse inflammatory
conditions including sepsis, colitis or rheumatoid arthri-
tis.">'*!'> Herein, we have developed a FRET-based immunop-
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robe that is able to detect extracellular mouse and human
GzmA activity with high selectivity and sensitivity in both
inflammatory mouse experimental models and human disease.
This system complements other probes previously shown to
detect intracellular GzmA activity in effector and target
cel””™" and, fills a gap in the field allowing monitor
specifically extracellular GzmA activity in inflammatory
diseases.

Our results have important implications both for increasing
our understanding of the biology of extracellular GzmA and for
its potential application to human disease diagnosis and/or
prognosis. Previous results found that in vitro GzmA did not
require enzymatic activity to promote inflammation in
macrophages/monocytes.”” In contrast, several independent
groups have shown that only active GzmA is able to promote
inflammation in different cell types including human and
mouse macrophages/monocytes,”'>**>** epithelial and fibro-
blast cells."! In addition, inhibition of enzyme activity in vivo
reduces inflammation and improves different inflammatory
diseases like sepsis,lz’25 colitis, and colitis-induced colorectal
cancer.'” Supporting all these results it was recently found that
only active GzmA was able to induce inflammation and foot
swelling when inoculated subcutaneously in mice.”” The
immunoprobe developed here confirms that extracellular
active GzmA is present in the circulation and other fluids
during different inflammatory conditions in mice and humans,
supporting the role of active GzmA in these diseases and
endorsing the relevance of this new immunoprobe to detect
active GzmA in these and likely other diseases.

The use of optical probes, including FRET-based ones, in
diagnostics of different pathologies has increased in recent
years due to the special characteristics of these probes
including high sensitivity, specificity, short time analysis,
capacity for inclusion in integrated systems, ease of
automation, versatility and low price.20 In our case a FRET
probe to detect GzmA activity was designed with a peptide
sequence previously identified to be cleft by GzmA.”® Despite
the ability of this probe to detect GzmA and its high specificity
in cell/tissue lysates as found when comparing WT and KO
mice, our results show that the ability of this type of probe to
detect specifically GzmA activity depends on the context of
application; especially, on the protease profile expressed in the
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Figure 7. Sensitivity and selectivity of the GzmA immunoprobe (GzmA mAb + probe-1) for human and mouse GzmA. (A) Diagram of the GzmA
immunoprobe procedure. (B) Different concentrations (from 3000 to 93.75 nM) of hGzmA were incubated 2 h in an anti-GzmA ab precoated
plate as described in Materials and Methods. The fluorescence (4o = 475 nm, A, = 520 nm) intensity was measured at time zero and after an
overnight incubation with probe-1 (1 #M). At each of the values obtained, the signal at time 0 h and the probe-1 signal were subtracted. Enzyme
activity values were calculated by extrapolating fluorescence units on a FAM calibration curve. Data are presented as mean values + SEM of seven
independent experiments. (C) Same experiment as in (A) was performed but using different concentrations (from 3000 to 0.0014 nM) of mGzmA
and mGzmA Ab. Data are presented as mean values + SEM of 10 independent experiments. (D) Same experiment as in A was performed but using
trypsin (0.4 nM), kallikrein (3.7 nM), plasmin (4.3 nM) and following combinations, in where each protease is at the same concentration as
individually: kallikrein and plasmin; kallikrein, plasmin and trypsin. Data are presented as mean values + SEM of two replicates. (E) CS7Bl/6 (B6)
WT or GzmAX® mice were inoculated with 2 X 10° CFU of E. coli intraperitoneally and Perf<® or Perf° X GzmA*© X GzmB*° mice were
inoculated with 10° pfu of LCMV intraperitoneally according to established protocols.”® After 24 h of sepsis induction or 8 days of HLH induction
(LCMYV) plasma was collected and incubated for 2 h in an anti-GzmA ab precoated plate as described in Materials and Methods. The fluorescence
(Aexe = 475 nm, A, = 520 nm) intensity was measured at time zero and after overnight incubation with probe-1 (1 yM). At each of the values
obtained, the signal at time 0 h and the probe-1 signal were subtracted. Enzyme activity values were calculated by extrapolating fluorescence units
on a FAM calibration curve. Data are presented as mean values + SEM of six different mice.

cell/tissue/fluids to be analyzed. This is exemplified by our
findings showing that although other members of the Gzm
family like GzmB or K do not cleave probe-1, other proteases
with similar catalytic activity such as plasmin, trypsin, and
kallikrein, which are present in serum and other extracellular
fluids, efficiently cleave probe-1 and, thus, might interfere with
selective GzmA detection. Thus, we have further used probe-1
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to develop a FRET-based immunoprobe with high sensitivity
and specificity to detect mouse and human extracellular GzmA.
This system consists of a capture antibody against GzmA
followed by incubation with probe-1, which presents a high
specificity to determine the enzymatic activity of GzmA, as
validated using pure proteases and samples from GzmA*© mice
suffering from different inflammatory diseases like sepsis and
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ACS Pharmacol. Transl. Sci. 2024, 7, 1474—1484


https://pubs.acs.org/doi/10.1021/acsptsci.4c00065?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00065?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00065?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00065?fig=fig7&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.4c00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

A %k %k B
E 1.5%x10-9 = 100+
2
° 8 80
g S
=1 1%10-94 =
& 60
a
<
-10 E 407
5x10-104 m A
R 204
0-

sepsis healthy

Figure 8. GzmA activity in sera and peritoneal lavages of healthy
donors (HDs) and septic patients. (A) Serum and peritoneal lavage of
septic patients and serums for healthy patients were incubated for 2 h
in an anti-GzmA ab precoated plate as described in Materials and
Methods. The fluorescence (4, = 475 nm, 4, = 520 nm) intensity
was measured at time zero and after an overnight incubation with
probe-1 (1 uM). At each of the values obtained, the signal at time 0 h,
the probe-1 signal without samples, and the samples signal without
probe-1 were subtracted. Enzyme activity values were calculated by
extrapolating fluorescence units on a FAM calibration curve. Data are
presented as mean values + SEM of 12 sera and 2 peritoneal lavages
run in duplicates. DL: detection limit. (B) Percentage of GzmA
positives in septic and HDs sera analyzed in Figure 8A.

HLH. The immunoprobe is also able to detect extracellular
GzmA activity in human samples from septic patients. Indeed,
the presence of active gzmA in serum from septic patients is
significantly higher than that in HDs, confirming the potential
role of active gzmA in sepsis. The new technology is affordable
and accessible to any laboratory, as it relies on the use of
conventional equipment, and peptides can be easily synthe-
sized and tailored to specific needs because they are based on
public sequences.

B CONCLUSIONS

To the best of our knowledge, a similar fluorescence-based
assay has not been previously described and validated, and thus
our results provide a new way to detect extracellular GzmA
activity in mouse and human diseases. In light of the increasing
evidence on the role of extracellular GzmA in inflammatory
diseases, this immunoprobe provides a new tool to study the
biological relevance of extracellular GzmA in the pathophysi-
ology of inflammatory diseases, as well as screening potential
GzmA inhibitors. Finally, and pending future clinical studies to
validate it in proper patient cohorts, we anticipate a great
potential to use this and other similar immunoprobes to help
in the diagnosis and prognosis of inflammatory diseases of high
relevance and socioeconomic impact.
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