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Accepted for publication

January 6, 2021. Enzymatically inactive tissue-type plasminogen activator (EI-tPA) does not activate fibrinolysis, but in-

teracts with the N-methyl-p-aspartate receptor (NMDA-R) and low-density lipoprotein receptor—related
protein-1 (LRP1) in macrophages to block innate immune system responses mediated by toll-like re-
ceptors. Herein, we examined the ability of EI-tPA to treat colitis in mice, induced by dextran sulfate
sodium. In two separate studies, designed to generate colitis of differing severity, a single dose of EI-tPA
administered after inflammation established significantly improved disease parameters. EI-tPA—treated
mice demonstrated improved weight gain. Stools improved in character and became hemoccult negative.
Abdominal tenderness decreased. Colon shortening significantly decreased in EI-tPA—treated mice, sug-
gesting attenuation of irreversible tissue damage and remodeling. Furthermore, histopathologic evidence
of disease decreased in the distal 25% of the colon in EI-tPA—treated mice. EI-tPA did not decrease the
number of CD45-positive leukocytes or F4/80-positive macrophage-like cells detected in extracts of colons
from dextran sulfate sodium—treated mice as assessed by flow cytometry. However, multiple colon cell
types expressed the NMDA-R, suggesting the ability of diverse cells, including CD3-positive cells, CD103-
positive cells, Ly6G-positive cells, and epithelial cell adhesion molecule—positive epithelial cells to
respond to EI-tPA. Mesenchymal cells that line intestinal crypts and provide barrier function expressed
LRP1, thereby representing another potential target for EI-tPA. These results demonstrate that the NMDA-
R/LRP1 receptor system may be a target for drug development in diseases characterized by tissue damage
and chronic inflammation. (Am J Pathol 2021, 191: 590—601; https://doi.org/10.1016/
Jj-ajpath.2021.01.001)
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The inflammatory bowel diseases (IBDs), such as Crohn
disease and ulcerative colitis, are chronic, relapsing diseases
of the intestines that eventually compromise tissue structure
and function.' Disease susceptibility genes such as the
pattern recognition receptor, nucleotide-binding oligomeri-
zation domain containing 2 (NOD2), have been implicated
in Crohn disease.'” Dysbiosis in intestinal microbiomes
also has been implicated in the onset of IBD, together with
lifestyle choices, such as cigarette smoking.” ~ Once IBD is
established, chronic inflammation and tissue damage
dominate the clinical course and are principal targets for
therapeutics development.” Despite the availability of

numerous drugs, many patients with moderate to severe
IBD fail to remain in remission and often experience
damaging flares.

Tissue-type plasminogen activator (tPA) is a serine pro-
tease and major activator of the fibrinolytic system.”” Re-
combinant tPA is Food and Drug Administration-approved
for treating recent-onset stroke.” The structure of tPA
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includes multiple domains that participate in noncovalent
fibrin binding, which is essential for restricting the lytic
activity of tPA to fibrin while sparing fibrinogen.'’”'* tPA
also binds to cell surface receptors, including the N-methyl-
p-aspartate receptor (NMDA-R) and low-density lipoprotein
receptor—related protein-1 (LRP1), which function as part
of a single system to regulate cell signaling and cell phys-
iology."*~'” Enzymatically inactive tPA (EI-tPA), in which
the enzyme active site serine is mutated to alanine, interacts
with the NMDA-R/LRPI1 receptor system equivalently to
enzymatically active  tPA  to  trigger  signal
transduction,'*-'*"

In mouse macrophages, EI-tPA binding to the NMDA-
R/LRP1 receptor system blocks inflammatory cytokine
expression elicited by multiple toll-like receptors (TLRs),
including TLR4, TLR2, and TLR9."® " EI-tPA also
blocks the toxicity of lipopolysaccharide in vivo in mice."'®
These results suggest that EI-tPA and the NMDA-R/LRP1
receptor system constitute a novel pathway for regulating
innate immunity and inflammation. EI-tPA does not acti-
vate plasminogen, thus avoiding undesirable effects on
hemostasis and the possible proinflammatory activity of
plasmin.”'** Some pattern recognition receptors outside
the TLR family, such as NOD1 and NOD2, are not
antagonized by EI-tPA in macrophages.'’ Furthermore,
because the NMDA-R is expressed by numerous cell
types,'"'#?*?* EI-tPA may regulate inflammation by tar-
geting cells in addition to macrophages. Thus, it is not
clear whether EI-tPA would be effective in counteracting
pathologic conditions in which diverse pattern recognition
receptors function together in diverse cells to stimulate
fulminant inflammation.

In this study, the dextran sulfate sodium (DSS) preclinical
mouse model of colitis was used to test the activity of EI-
tPA. DSS causes a chemically-induced form of colitis, in
which extensive inflammatory cell infiltrates develop in the
mucosa and submucosa.”” Mice were treated systemically
with a single dose of EI-tPA after intestinal inflammation
was established. EI-tPA rapidly reversed signs and symp-
toms of the disease and caused significant improvement in
disease biomarkers. These results indicate that EI-tPA may
be efficacious as a therapeutic for complex inflammatory
diseases.

Materials and Methods
DSS Challenge in Mice

Experimental procedures involving animals were approved
by the University of California San Diego Institutional
Animal Care and Use Committee. Male C57BL/6 mice,
aged 7 to 8 weeks (weight, 18 to 24 g), were obtained from
Jackson Laboratory (Bar Harbor, ME). Mice were randomly
sorted into cohorts, and provided ad libitum access to
standard drinking water or water supplemented with DSS
(approximately 40 kDa; Sigma-Aldrich, St. Louis, MO).
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DSS was administered in two different protocols to model
colitis of moderate severity (4% DSS w/v for 5 days) or
severe colitis (5% DSS w/v for 7 days). Fresh DSS was
replaced in the drinking water every 48 hours or if cloudi-
ness was observed. On the final day of DSS exposure, half
of the mice were treated with a single i.v. injection of EI-
tPA (2.5 mg/kg) and the other half were injected with
vehicle (20 mmol/L sodium phosphate and 150 mmol/L
NaCl, pH 7.4). DSS-containing water was replaced with
unaltered water, and the mice were monitored for up to 7
additional days. In control studies, mice that were not
exposed to DSS were injected with EI-tPA. Human EI-tPA,
which carries the S478 - A mutation and is 90% in the
single-chain form, was obtained from Molecular In-
novations (Novi, MI). Human EI-tPA and mouse EI-tPA
engage the mouse NMDA-R/LRPI receptor system and
inhibit TLR responses equivalently.'®

Assessment of Symptoms in DSS-Treated Mice

Mice were monitored daily for changes in body weight, stool
consistency, diarrhea, and fecal blood. Stools were scored by
a blinded investigator as follows: 0, normal stool consistency
with a negative hemoccult; 1, soft stools with a negative
hemoccult; 2, soft stools with a positive hemoccult; 3, watery
stools with visible blood; and 4, gross rectal bleeding.

Analysis of Abdominal Tenderness

Abdominal tenderness was assessed by the response to
calibrated von Frey filaments.”® Baseline testing was con-
ducted for 3 days before DSS exposure. Testing was
repeated after terminating DSS treatment, on day 5, and on
day 11. All testing was conducted at a fixed time of day in a
quiet dedicated room by the same blinded experimenter
(L.D.). After 1 hour of acclimatization, mice were placed in
individual Plexiglas chambers (6 x 10 x 12 cm). Eight
individual von Frey filaments, with forces ranging from 0.19
to 19 mN (Stoelting, Wood Dale, IL), were applied in
ascending order of force for 1 to 2 seconds to the lower left
abdominal quadrant with at least 5-second intervals between
stimulations. Each filament was tested six times. Mice were
considered to have responded if any of the following be-
haviors was observed: i) retraction of the abdomen; ii) im-
mediate licking or scratching of the area of stimulation; or
iii) withdrawal of the animal. When the response frequency
to an individual filament was >50%, the response was
recorded as positive.

Tissue Harvest

Mice were euthanized by CO, inhalation and cervical
dislocation. The large intestines were harvested intact by
resecting at the ileocecal valve and at the rectum. Colon
length was measured. The cecum was removed, the colon
was cut longitudinally, fecal material was removed, and the
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tissue was flushed extensively with saline. Harvested colons
were used to collect intestinal cells or studied by histology.
For histology, longitudinally cut colons were Swiss rolled
and fixed in 4% paraformaldehyde.

Histology and Immunohistochemistry

Tissue sections (4 um thick) were prepared and stained with
hematoxylin and eosin. For immunohistochemistry, tissue
sections were stained using the Discovery Ultra automated
system (Roche, Basel, Switzerland). Sections were depar-
affinized, subjected to antigen retrieval, then incubated with
primary antibody against LRP1 B-chain (Sigma-Aldrich) or
CD11b (Abcam, Cambridge, UK), followed by horseradish
peroxidase—coupled goat anti-rabbit antibodies, and devel-
oped using diaminobenzidine. Control sections were treated
with secondary antibody only. Light microscopy was per-
formed using a Leica DFC420 microscope with Leica Im-
aging Software 2.8.1 (Leica Biosystems, Wetzlar,
Germany).

Scoring Histopathologic Changes in DSS-Treated
Colons

Swiss-rolled hematoxylin and eosin—stained colon sections
were scored by a blinded investigator (M.A.B. and S.L.G.),
as described by Erben et al.”’ Because the pathologic
changes induced by DSS were segmental with skip lesions,
scoring was restricted to the distal 25% of the colon.
Epithelial changes were scored as follows: 0, no noticeable
changes; 1, minimal hyperplasia; 2, moderate hyperplasia,
goblet cell loss, and crypt abscesses; and 3, marked hyper-
plasia, goblet cell loss, and multiple crypt abscesses or
erosions. Infiltration of inflammatory cells was scored as
follows: 0, negligible infiltration; 1, infiltration of the mu-
cosa; 2, infiltration of the mucosa and submucosa; and 3,
transmural infiltration.

Isolation of Intestinal Cells

A mild method was applied to isolate cells, which primarily
included epithelial cells and cells in the lamina propria. Each
colon was processed separately. The cecum was removed, and
mesenteric fat was resected. The remaining colon tissue was
cut into 0.5- to 1.0-cm? pieces and treated with 5 mmol/L
EDTA in 10 mmol/L HEPES-buffered Ca**Mg "> free
Hanks’ balanced salt solution at 37°C for 20 minutes to
dissociate cells. Cell suspensions were filtered through 70-um
nylon meshes and transferred into Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal bovine serum and
1x antibiotic/antimycotic solution (Sigma-Aldrich). The
EDTA dissociation protocol was repeated twice, and the cells
were pooled. Cells were pelleted by centrifugation at 400 x g
for 10 minutes and resuspended for flow cytometry.

A more rigorous colon cell isolation method was
executed to harvest residual cells after EDTA extraction.
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Specimens were digested with 1 mg/mL collagenase/dispase
cocktail ~(Sigma-Aldrich) in Ca*"/Mg**-free Hanks’
balanced salt solution at 37°C for 30 minutes with inter-
mittent vortexing. The process was repeated twice. Cell
suspensions were pooled and passed through a 70-pum nylon
mesh. Cells were pelleted by centrifugation at 400 x g for
10 minutes and resuspended for flow cytometry.

Flow Cytometry

Cells were isolated from colons. Non-specific IgG binding
was blocked by pretreating cells with antibody against Fc-y
receptor (clone 2.4G2; Bio X Cell, Lebanon, NH). Cells
were pre-incubated with Zombie NIR (BioLegend, San
Diego, CA) for 10 minutes to identify viable cells. Next,
cells were labeled with Brilliant Violet 421—conjugated
antibody against CD45 (clone 30-F11; BD Biosciences, San
Jose, CA) to label leukocytes and phycoerythrin-conjugated
antibody against epithelial cell adhesion molecule (EpCAM;
clone G8.8; eBioscience, San Diego, CA) to label epithelial
cells. CD45-positive cells were further sorted using fluo-
rescein isothiocyanate—conjugated F4/80-specific antibody
(clone BM8; BioLegend), which detects macrophages and
macrophage-related cell types.”® Sorting was performed
using a BD FACSAria Fusion Cell Sorter (BD Biosciences).
To detect cell-surface NMDA-R in specific colon cell
populations by flow cytometry, cells were labeled with
antibody PA3-102 (Thermo Fisher Scientific, Waltham,
MA), which detects the glutamate ionotropic receptor
NMDA type subunit 1 (GluN1) NMDA-R subunit. GluN1
is essential for formation of intact NMDA-Rs.” Cell-
associated PA3-102 was detected with A647- or A488-
conjugated secondary antibody (Thermo Fisher Scientific).
Control cells were treated with secondary antibody only.
Cells that were incubated with PA3-102 were colabeled
with conjugated CD45 antibody or EpCAM antibody and,
in some studies, with A488-conjugated antibodies against
CD3, CD103, or Ly6G (BioLegend). All data were analyzed
using FlowJo Software version 10.7.1 (BD Biosciences).

Statistical Analysis

All results are expressed as the means £ SEM. The one- or
two-way analysis of variance was performed with a post-
hoc Bonferroni test using GraphPad Prism version 9.0
(GraphPad Software, San Diego, CA). P values of
*P < 005 **P < 001, **P < 0.001, and
#kxEP < 0.0001 were considered statistically significant.

Results

EI-tPA Reverses DSS-Induced Colitis in a Model of
Moderate Severity Disease

Eight-week—old C57BL/6 male mice were exposed to 4%
DSS in the drinking water for 5 days, after which DSS-free
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drinking water was provided. Control mice received DSS-
free drinking water throughout the study. A single dose of
EI-tPA (2.5 mg/kg) or vehicle (phosphate-buffered saline)
was administered by i.v. injection on day 5. The EI-tPA
dose was about 2.5x the dose of active tPA recommended
for human patients with stroke (0.9 mg/kg).” Control mice
demonstrated weight gain throughout the study (Figure 1A).
In control mice injected with EI-tPA on day 5, the mean
weight on day 12 was not significantly different than that
observed in mice injected with vehicle. By contrast, sig-
nificant weight loss was observed in DSS-treated mice
beginning on day 5 and continuing through day 7, 2 days
after terminating the DSS, when weight loss apparently
stabilized. A single dose of EI-tPA, administered on day 5 to
DSS-treated mice, significantly improved weight gain, when
measured on days 10 through 12.

A scoring system was applied to quantify the effects of
DSS on the stools of mice. After 5 days of DSS treatment,
the mean stool abnormality score was slightly <3.0,
implying watery hemoccult-positive stools (Figure 1B).
After discontinuing DSS treatment, stool scores began to
improve; however, in the absence of EI-tPA, abnormally
soft stools persisted through day 11. EI-tPA treatment
significantly accelerated the rate of improvement in the stool
score.

Abdominal tenderness was examined by probing the
abdomen with von Frey filaments. The mice exposed to
DSS responded to filaments of lower force compared with
control mice, indicating abdominal tenderness (Figure 1C).
For example, on day 5, only 10% of the mice in the control
group (no DSS exposure) responded positively to a 1.6-mN
force von Frey filament, whereas 90% of the DSS-treated
mice responded positively to the same filament. By day
11, DSS-exposed mice demonstrated partial recovery (less
abdominal tenderness); however, a much more substantial
recovery was observed in mice treated with EI-tPA on
day 5.

Next, colon length was measured as a marker of disease
progression, irreversible tissue damage, and scarring.
Mice exposed to 4% DSS for 5 days and then treated
with EI-tPA or vehicle, and control mice (no DSS
treatment) were euthanized on day 12. Figure 1D shows
representative colons harvested from mice in each cohort.
The results of seven independent studies are summarized in
Figure 1E. Significant colon shortening was observed in
DSS-exposed versus that in control mice. EI-tPA signifi-
cantly decreased the extent of colon shortening, compared
with mice treated with vehicle. EI-tPA had no effect on
intestinal length when administered in the absence of DSS
(results not shown).

Mice exposed to 4% DSS for 5 days and euthanized on
day 12 demonstrated anticipated changes in colon histopa-
thology.””*" Untreated control colon is shown in Figure IF.
The specimen was rolled so that the distal end of the colon
was near the center of the slide. Uniform unperturbed in-
testinal crypts and epithelium with interspersed goblet cells
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were observed, as anticipated. In DSS-treated mice,
segmental lesions separated by areas of less involved colon
(skip lesions) were common (Figure 1G). Lesions were
characterized by epithelial denudation and crypt disruption
with extensive inflammatory cell infiltration surrounded by
areas in which the crypts contained hyperplastic epithelium
devoid of goblet cells.

In mice exposed to DSS and then treated with EI-tPA
on day 5, segmental lesions with disrupted or absent
crypts and extensive inflammation were still observed;
however, there was evidence of repair, primarily at the
distal end of the colon (Figure 1H). This result was
confirmed by a blinded investigator (M.A.B. and S.L.G.)
who applied a scoring system to evaluate the histopa-
thology. Infiltrating cells (Figure 1I) and abnormalities in
the epithelium (Figure 1J) were substantially increased
by DSS treatment. In the most distal 25% of the colon,
EI-tPA significantly improved both pathology scores. To
confirm that the infiltrating cells in DSS-treated mice
included inflammatory cells, tissue sections obtained
from mice treated for 5 days with 4% DSS were immu-
nostained for CD11b, which is expressed by monocytes,
macrophages, dendritic cells, neutrophils, and natural
killer cells.”’ CDI1b-positive cells were observed in the
mucosa and submucosa of colons exposed to DSS
(Figure 1K).

EI-tPA Reverses DSS-Induced Colitis in a Model of
Severe Disease

To model severe colitis, cohorts of mice were exposed to
5% DSS for 7 days. On day 7, DSS was removed from the
water and the mice were treated with either EI-tPA (2.5 mg/
kg) or vehicle. Control mice were not exposed to DSS. Mice
treated with 5% DSS began to lose weight by day 5 (Figure
2A). In the absence of EI-tPA, weight loss continued
through day 12, at which time weight recovery began to
occur. Mice treated with EI-tPA showed significantly more
rapid weight recovery.

Mice exposed to 5% DSS for 7 days demonstrated a mean
stool abnormality score >3.0 (Figure 2B). Stool scores
began to improve after discontinuing DSS treatment. In the
absence of EI-tPA, persistent diarrhea and some positive
hemoccults were observed through day 13. EI-tPA treatment
significantly accelerated the rate of improvement in the stool
score.

Representative colons isolated from mice on day 14 are
shown in Figure 2C. Colon lengths are summarized in
Figure 2D. Colons harvested from DSS-treated mice
showed substantial shortening. A single dose of EI-tPA,
administered on day 7, significantly decreased the degree
of colon shortening.

Histopathologic examination of colons harvested on day
14 from mice treated for 7 days with 5% DSS demonstrated
segmental lesions throughout, including the distal end,
which is shown in the representative image (Figure 2E).
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Lesions with crypt disruption and inflammation were
observed in EI-tPA—treated mice; however, once again,
there appeared to be fewer residual pathologic changes near
the distal end of the colon (Figure 2F). This trend was
confirmed by blinded scoring of infiltrating cells
(Figure 2G) and epithelial abnormalities (Figure 2H) in the
distal 25% of the specimens.

Inflammatory Cell Infiltration of Colons Is Increased by
DSS and Unaffected by EI-tPA

Cells from intact, whole colons were isolated on day 12 after
treating mice with 4% DSS for 5 days and then injecting
them with EI-tPA or vehicle. Control mice were not DSS-
exposed. EDTA-extracted cells were sorted using antibodies
specific for epithelial cells (EpCAM) and leukocytes
(CD45) (Figure 3A). CD45-positive cells were further sor-
ted to detect F4/80-positive macrophages and macrophage-
like cells (Figure 3C). The results of three independent ex-
periments are summarized in Figure 3, B and D.

EpCAM-positive and CD45-positive cells were detected
under all conditions. Cells that were neither CD45-positive
nor EpCAM-positive were considered mesenchymal cells,
as previously described.”” DSS exposure increased the
percentage of CD45-positive cells from 1.7% + 0.3% to
11% =+ 2%. The percentage of CD45-positive cells was not
significantly changed in DSS-exposed mice treated with EI-
tPA. In mice not exposed to DSS, 7% =+ 4% of the CD45-
positive cells were F4/80-positive. In DSS-exposed mice,
the percentage of CD45-positive cells that were F4/80-
positive increased to 24% =+ 1%. EI-tPA treatment did not
significantly affect this result.

Colons pre-extracted with EDTA were further extracted
with collagenase. The second set of extracts was subjected
to flow cytometry. Once again, both CD45-positive and

EpCAM-positive cells were identified. Although DSS
treatment significantly increased the fraction of CD45-
positive cells, EI-tPA did not significantly affect this result
(Figure 3, E and F).

Diverse Intestinal Cells Express the Receptors Required
for EI-tPA Response

The NMDA-R is essential for many FEI-tPA—initiated
cellular responses, including regulation of innate immunity,
whereas LRP1 functions as a coreceptor, possibly by
delivering EI-tPA to the NMDA-R."* "% To test whether
leukocytes from colons express the NMDA-R, CD45-
positive cells were probed for GIuN1 by flow cytometry.
GIuN1 is essential for the formation of NMDA-Rs.”” In
control mice, CD45-positive cells expressed GIuNl1, as
determined by comparing the flow histograms of cells
immunostained for GluN1 versus secondary antibody only
(Figure 4A). A significant increase in the mean cell-surface
abundance of GluN1 was observed in CD45-positive cells
isolated from mice exposed to DSS and treated with either
EI-tPA or vehicle (Figure 4B). EpCAM-positive epithelial
cells also expressed cell-surface NMDA-R (Figure 4C). The
abundance of cell-surface NMDA-R increased in epithelial
cells from DSS-treated mice and, interestingly, further
increased by EI-tPA (Figure 4D).

Next, flow cytometry was performed to detect
NMDA-R in CD45-positive cells from DSS-treated colons
positive for CD3, CD103, or Ly6G. CD3-specific anti-
body detects T cells” and, CD3-positive cells demon-
strated a bimodal distribution with regard to NMDA-R
expression (Figure 4E). Many CD3-positive cells were
NMDA-R positive; however, other CD3-positive cells
were either NMDA-R negative or expressed low levels of
NMDA-R. Bimodal distributions were also observed in

Figure 1

Enzymatically inactive tissue-type plasminogen activator (EI-tPA) reverses colitis in mice treated with 4% dextran sulfate sodium (DSS) for 5

days. A: Mice were exposed to 4% DSS in the drinking water for 5 days and then injected with EI-tPA (blue curve) or vehicle (orange curve) intravenously.
Control (Con) mice were not exposed to DSS (black curve). Mice that were not exposed to DSS but injected intravenously with EI-tPA are shown with a dashed
black line. Weight is expressed relative to that recorded on day 0. B: Mice were exposed to 4% DSS for 5 days and then treated with EI-tPA or vehicle. Stool
scores were determined on the indicated days. C: Mice were probed in the lower left quadrant of the abdomen with von Frey filaments to detect sensitivity.
Increased response rate to specific filaments reflects increased sensitivity. Cohorts of nine mice were studied, including control mice not exposed to DSS (black
circles), mice exposed to 4% DSS for 5 days and tested on day 5 (pink open squares), mice exposed to DSS and tested on day 11 (orange closed squares), and
mice exposed to DSS, treated with EI-tPA on day 5, and tested on day 11 (blue triangles). D: Representative images of colons harvested from mice that were
not DSS exposed (Control), mice exposed to DSS for 5 days and then allowed to recover for 7 days (DSS), and mice exposed to DSS for 5 days, treated with EI-
tPA on day 5, and then allowed to recover for 7 days (DSS + EI-tPA). E: Colon length results are summarized. F—H: Representative hematoxylin and eosin
(H&E)—stained sections of colons harvested from mice not exposed to DSS (Control; F), mice exposed to 4% DSS for 5 days and then allowed to recover for 7
days (DSS; G), and DSS-exposed mice treated once with EI-tPA on day 5 and then allowed to recover for 7 days (DSS + EI-tPA; H). F: The control colon is
marked to show the mucosa (M), which includes epithelium-lined crypts adjacent to the colon lumen, the submucosa (SM), and the muscularis externa (ME).
The arrowheads indicate the distal ends of the colon sections. Boxed areas are shown at higher magnification in the insets. I and J: H&E sections of colons
recovered from mice that were not DSS-exposed (Con), exposed to DSS (DSS), and exposed to DSS with subsequent EI-tPA treatment (DSS + EI-tPA) were
scored for infiltration of inflammatory cells and epithelial changes in the distal 25% segment. K: Sections of colons from mice that were not DSS-exposed
(Control) and exposed for 5 days to 4% DSS were immunostained to detect CD11b. High magnification areas are shown in the insets. Data are presented as as
means + SEM (E, I, and J). n = 9 mice exposed to 4% DSS in the drinking water for 5 days and then injected with EI-tPA or vehicle (A); n = 7 control mice
not exposed to DSS (A); n = 4 mice not exposed to DSS but injected intravenously with EI-tPA (A); n = 7 (E); n = 11 to 14 (Iand J). *P < 0.05, **P < 0.01,
and ****P < 0.0001 DSS versus DSS + EI-tPA; TP < 0.01, T"TP < 0.001 DSS (day 11) versus DSS + EI-tPA; *P < 0.05, ¥#P < 0.01, P < 0.001, and ¥p <
0.0001. Scale bars: 1 cm (D); 10 um (F—H and K, main images); 2 um (F—H and K, insets).
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Figure 2  Enzymatically inactive tissue-type plasminogen activator (EI-tPA) reverses colitis in mice exposed to 5% dextran sulfate sodium (DSS) for 7 days.
A: Mice were exposed to 5% DSS in the drinking water for 7 days and then injected intravenously once with EI-tPA (blue curve) or with vehicle (phosphate-
buffered saline; orange curve). Control (Con) mice were not exposed to DSS (black curve). Weight was recorded and expressed as the percentage change
compared with that recorded on day 0. B: Mice were exposed to 5% DSS for 7 days and then treated with EI-tPA or vehicle. Stool scores were determined on
days 7, 9, and 13. C: Representative images of colons harvested from mice that were not DSS-exposed (Control), mice exposed to DSS for 7 days and then
allowed to recover for 7 days (DSS), and mice exposed to DSS for 7 days, treated with EI-tPA on day 7, and then allowed to recover for 7 days (DSS + EI-tPA).
D: Colon length results are summarized. E and F: Representative hematoxylin and eosin (H&E)—stained sections of colons from mice exposed to 5% DSS for 7
days, injected with vehicle on day 7, and allowed to recover for 7 days (E) and from mice exposed to DSS, treated with EI-tPA, and then allowed to recover for 7
days (F). The arrowheads indicate distal ends of the colon sections. Boxed areas are shown at higher magnification in the insets. G and H: H&E sections of
colons recovered from mice that were not DSS-exposed (Con), exposed to DSS, and exposed to DSS with subsequent EI-tPA treatment were scored for cellular
infiltration and for epithelial changes in the distal 25% of the colon. Data are presented as means & SEM (D, G, and H). n = 9 mice exposed to 5% DSS in the
drinking water for 7 days and then injected intravenously once with EI-tPA or with vehicle (A); n = 7 control mice not exposed to DSS (A); n = 7 (D).
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 DSS versus DSS + EI-tPA; TP < 0.05, ''P < 0.001, and "' < 0.0001. Scale bars: 1 cm (C); 10 um
(E and F, main images); 2 um (E and F, insets).

CD103-positive cells, which include T lymphocytes and were NMDA-R-positive. These results suggest that mul-
dendritic cells,” and Ly6G-positive cells, which include tiple cell types in addition to macrophages may be targets
mainly neutrophils.”® Most of the Ly6G-positive cells for EI-tPA in colitis.
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Figure 3  Inflammatory cells in the colon are increased in abundance by dextra

n sulfate sodium (DSS) but unchanged by enzymatically inactive tissue-type

plasminogen activator (EI-tPA). A: Representative two-dimensional flow cytometry analyses of epithelial cell adhesion molecule (EpCAM)— and CD45-positive
cells harvested by EDTA dissociation from mice not exposed to DSS (Control), mice exposed to 4% DSS for 5 days and then injected with vehicle (DSS), and mice

exposed to DSS and then treated with EI-tPA (DSS + EI-tPA). Cells were harvested

on day 12, 7 days after terminating DSS treatment. The percentages of cells

identified as EpCAM- or CD45-positive, shown in the figure, are for that specific replicate. B: Percentages of isolated cells that were EpCAM- and CD45-positive
are summarized. C: CD45-positive cells were further sorted to determine F4/80-positive cells. A representative study is shown. D: F4/80-positive cells are
shown as percentages of the CD45-positive cell population. E: Representative two-dimensional flow cytometry analyses of EpCAM- and CD45-positive cells in
colons that were re-extracted with collagenase. F: The percentages of collagenase-dissociated cells that were determined to be EpCAM- and CD45-positive are

shown. Data are presented as means + SEM (B, D, and F); n = 3 (B and F). *P

Immunohistochemistry was performed to detect LRP1.
Clusters of LRP1-immunopositive inflammatory cells were
present in the mucosa and submucosa after DSS exposure
(Figure 4F). Occasional macrophage-like LRP1-positive
cells also were observed in colons from mice not exposed
to DSS; however, remarkably, mesenchymal cells that line
normal epithelial crypts also appeared to immunostain for
LRPI1 in control colons. These mesenchymal cells have
been implicated in regulating intestinal barrier function and
the immune response.”’ EI-tPA treatment restored the
pattern of LRP1-expressing cells observed in normal colon
to many areas of DSS-exposed colons, especially near the
distal end.
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< 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Discussion

EI-tPA inhibits and/or reverses proinflammatory responses
initiated by TLRs in cultured macrophages.'®'*”> TLR4
activity is also blocked by EI-tPA in vivo in mice,'® and TLR4
has been implicated in DSS colitis.>® Thus, we tested the
activity of EI-tPA in the DSS model system. DSS colitis is
widely accepted as a model system in which innate immunity
is a major driver of inflammation.”” The potential of EI-tPA to
counteract inflammation in vivo is largely unstudied; how-
ever, tPA and EI-tPA express receptor-mediated activities, in
addition to effects on TLRs, that may contribute to overall
activity in pathologic states, such as DSS colitis. For example,
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tPA/EI-tPA and the NMDA-R/LRP1 receptor system pro-
mote cell survival'"***" and cell migration.'”***

To avoid differences in the pathways by which
inflammation is established in DSS colitis versus patients
with IBD,>**° EI-tPA was administered after inflamma-
tion was established. An aggressive treatment protocol
(5% DSS for 7 days) and a less aggressive protocol (4%
DSS for 5 days) was applied. In both cases, a single dose
of EI-tPA was administered, and robust evidence of EI-
tPA response was observed. EI-tPA significantly accel-
erated weight recovery and improved stool quality. In the
4% DSS/5 days model system, abdominal tenderness was
attenuated in EI-tPA—treated mice. EI-tPA decreased the
extent of colon shortening caused by DSS, and histo-
pathologic changes in the distal 25% of the colon
improved.

The dose of EI-tPA administered to DSS-treated mice
was equivalent to that used previously to reverse the toxicity
of lipopolysaccharide in mice,'® and about 2.5 times the
concentration of active tPA administered to patients with
stroke.” Because EI-tPA is inert in hemostasis, higher doses
may be feasible. Interestingly, the circulating half-life of EI-
tPA in mice is <5 minutes.”* This result suggests that EI-
tPA rapidly modifies target cells, evoking a sustainable
change in their physiology.

Our previous work'® *>** suggested that intestinal
macrophages may be the target for EI-tPA in DSS-treated
mice. However, 7 days after terminating DSS treatment,
there was no significant change in the abundance of F4/80-
positive macrophage-like cells detected by flow cytometry
in EI-tPA—treated mice. Multiple cell types, including in-
testinal epithelial cells and inflammatory cells, in addition to
macrophages, express the NMDA-R, and thus, may have
been targets for EI-tPA following induction of DSS colitis.
In normal colon, mesenchymal cells surrounding epithelial
crypts expressed LRP1. This is important given the
emerging role of mesenchymal cells in epithelial barrier
function and immune responses.’’ Single-cell transcriptome
profiling will be necessary to elucidate target cells for EI-
tPA in the DSS model system.

The activity of EI-tPA in rodent models of diseases that
involve chronic inflammation has not been well studied. EI-
tPA improves the efficacy of induced pluripotent stem

cell—derived neural progenitor cells at reversing motor loss
following spinal cord injury in rodents.”> Although
inflammation is a factor that influences recovery from spinal
cord injury,”® EI-tPA directly regulated gene expression in
the neural progenitor cells via the NMDA-R.*> Thus, it is
not clear whether the positive effects of EI-tPA in this
model system resulted in part from anti-inflammatory
activity.

This study may be relevant to studies of human IBD
patients in which high levels of plasminogen activator
inhibitor-1 have been shown to augment tissue damage.*’
Plasminogen activator inhibitor-1 is a rapid inhibitor of
the protease activity of tPA.® In addition, plasminogen
activator inhibitor-1 binding to active tPA blocks the
receptor-mediated anti-inflammatory activity of tPA.** Mice
deficient in the gene that encodes tPA (PLAT) demonstrate
exacerbated responses to DSS.*” These results raise the
possibility that endogenously produced tPA may regulate
IBD progression in patients.

Plasmin also has been shown to exacerbate colitis in the
DSS model system, possibly by activating other proteases”
or by direct proinflammatory cell signaling.”'** By studying
EI-tPA, the potential confounding effects of plasmin were
avoided. Overall, the studies presented herein suggest that
the NMDA-R/LRPI1 receptor system may be a novel target
for drug development in diseases characterized by extensive
tissue damage and chronic inflammation.
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Figure 4

Intestinal cells express the tissue-type plasminogen activator (tPA) cell-signaling response system. A: Flow cytometry was performed to detect the

glutamate ionotropic receptor NMDA type subunit 1 (GluN1) N-methyl-p-aspartate receptor (NMDA-R) subunit in CD45-positive cells isolated from mice exposed to
4% dextran sulfate sodium (DSS) for 5 days and then allowed to recover for 7 days. The mice were treated on day 5 with enzymatically inactive tPA (EI-tPA; DSS +
EI-tPA; blue tracing) or with vehicle (DSS; orange tracing). Cells isolated from control (Con) mice that were not DSS-treated are labeled Control (black tracing).
GluN1 immunofluorescence is compared with cells stained with secondary antibody only (II Ab only). B: The results of six separate flow cytometry studies are
summarized. C: Flow cytometry was performed to detect the GluN1 NMDA-R subunit in epithelial cell adhesion molecule (EpCAM)—positive cells isolated from mice
exposed to 4% DSS for 5 days and then allowed to recover for 7 days. The mice were treated with EI-tPA (DSS + EI-tPA; blue tracing) or with vehicle (DSS; orange
tracing). Cells isolated from control mice that were not DSS-treated are labeled Control (black tracing). GluN1 immunofluorescence is compared with cells that were
treated with II Ab only. D: The results of six separate flow cytometry studies are summarized. E: Flow cytometry was performed to detect the GluN1 NMDA-R subunit
in CD45-positive cells expressing CD3, CD103, or Ly6G isolated from mice exposed to 4% DSS for 5 days (green tracing; representative of six separate studies). The
secondary antibody only controlis shown with shaded curves. F: Colons were harvested from control mice that were not DSS-exposed and from mice treated with 4%
DSS for 5 days, treated with EI-tPA or vehicle, and allowed to recover for 7 days. Immunohistochemistry for low-density lipoprotein receptor—related protein-1 was
performed. Data are presented as means + SEM (B and D). *P < 0.05, **P < 0.01, and ****P < 0.0001. Scale bars = 50 pum (F).
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