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Abstract 

Background & Aims: The protease plasmin is an important wound healing factor, but it is 

not clear how it affects gastrointestinal infection-mediated damage, such as that resulting 

from Clostridioides difficile. We investigated the role of plasmin in C difficile-associated 

disease. This bacterium produces a spore form that is required for infection, so we also 

investigated the effects of plasmin on spores.  

 

Methods: C57BL/6J mice expressing the precursor to plasmin, the zymogen human 

plasminogen (hPLG), or infused with hPLG, were infected with C difficile and disease 

progression was monitored. Gut tissues were collected and cytokine production and tissue 

damage were analyzed using proteomic and cytokine arrays. Antibodies that inhibit either 

hPLG activation or plasmin activity were developed and structurally characterized and their 

effects were tested in mice. Spores were isolated from infected patients or mice and 

visualized using super-resolution microscopy; the functional consequences of hPLG binding 

to spores were determined. 
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Results: hPLG localized to the toxin-damaged gut, resulting in immune dysregulation with 

an increased abundance of cytokines (such as IL1A, IL1B, IL3, IL10, IL12B, MCP1, MP1A, 

MP1B, GCSF, GMCSF, KC, TIMP-1), tissue degradation, and reduced survival. 

Administration of antibodies that inhibit plasminogen activation reduced disease severity in 

mice. C difficile spores bound specifically to hPLG and active plasmin and degraded their 

surface, facilitating rapid germination. 

Conclusions: We found that hPLG is recruited to the damaged gut, exacerbating C difficile 

disease in mice. hPLG binds to C difficile spores, and, upon activation to plasmin, remodels 

the spore surface, facilitating rapid spore germination. Inhibitors of plasminogen activation 

might be developed for treatment of C difficile or other infection-mediated gastrointestinal 

diseases. 

 

Key Words: pathogenic bacteria, microbe, fibrinolytic system, liver enzyme 

Introduction 

Human proteases are one of the largest known enzyme families and are involved in many 

functions including the regulation of multiple signaling pathways essential for maintaining 

homeostasis 1. Plasmin, the active form of the liver-produced plasminogen, is one such 

mammalian serine protease, with roles in fibrinolysis, cell migration and tissue remodeling, 

including the degradation of basement membranes and the extracellular matrix (ECM) 2,3. 

Many pathogens, including Group A Streptococcus and Bacillus anthracis, exploit the 

fibrinolytic system by recruiting and activating plasminogen to the microbe surface 4, 5. 

Although it is the vegetative form of pathogenic bacteria that usually bind to plasminogen, in 

B. anthracis the spore form was found to bind plasminogen, albeit without consequence for 

disease severity or virulence 5. As a consequence of its ability to degrade host tissues, 
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microbe-associated plasmin greatly enhances bacterial invasion of the host, thereby 

increasing disease severity during infection 2, 6. 

The role that plasminogen may play during infection of the gastrointestinal tract is not known. 

Gastrointestinal damage resulting from infections, autoimmune disorders, alcohol abuse, and 

burns often causes enteric tissue permeability which can result in the escape of resident 

bacteria, pathogens and other microbial components from the gut lumen into other tissues that 

are not normally exposed to these products 7. The localization of these factors beyond the 

gastrointestinal epithelium induces an inflammatory host response which results in the 

infiltration of immune cells and other host factors such as cytokines and proteases into the 

affected underlying tissue 7, 8. Under normal conditions plasminogen, which is most abundant 

in the circulatory system, is in low abundance in the gastrointestinal tract 9 but the effect of 

tissue damage on enteric plasminogen levels and function is unknown. 

Clostridioides difficile infects the gut and causes severe tissue damage through the 

production of potent exotoxins 10. A key driver of C difficile infection (CDI) relates to the 

ability of this bacterium to form an inert, and highly robust, spore form which allows survival 

of the bacterium in hostile environments 10. Spores initiate and transmit disease, and 

contribute to disease relapse – an event that occurs in up to 30% of patients 11. In the colon, 

spores germinate into vegetative cells that colonize the gut and produce up to three toxins, the 

large clostridial toxins TcdA and TcdB and the C difficile transferase (CDT) toxin, which act 

directly to damage and permeabilize colonic tissue through their effects on the actin 

cytoskeleton of host cells 12. C difficile vegetative cells also produce spores, which are 

responsible for transmitting disease and perpetuating the infection cycle 10. 

We hypothesized that as a consequence of its role in wound healing, plasminogen may be 

recruited to the site of infection where it may exacerbate or inhibit disease progression. Here, 
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we show that human plasminogen (hPLG) exacerbates C difficile disease in a mouse infection 

model, in synergy with toxin-mediated enteric damage. The gastrointestinal damage that 

occurs during infection leads to an increased abundance of hPLG in gastrointestinal tissues, 

which has several downstream consequences, including augmented inflammation, tissue 

degradation and dissemination of spores beyond the infection site, and coincides with poorer 

disease outcomes in infected mice. We also show that C difficile spores bind specifically to 

hPLG which changes the phenotypic properties of these otherwise largely dormant cells. 

Binding and activation of plasminogen changes the spore surface, resulting in a thinner outer 

spore layer and an increase in spore germination capacity. This study therefore provides 

evidence of a mechanism by which an enteric pathogen can dysregulate the host plasminogen 

system to intensify gastrointestinal disease.  

Materials and Methods 

C difficile mouse models  

Animal handling and experimentation were performed in accordance with Victorian State 

Government regulations and approved by the Monash University Animal Ethics Committee 

(Monash University AEC no. SOBSB/M/2010/25 or MARP/2014/136). For mice and 

experimental design, tissue processing and scoring, see Supplementary Material.  

Cytokine arrays on mouse gut tissue  

Cecal tissue was homogenized through 100 µm nylon cell strainers in lysis buffer [0.1% 

Triton-X 100 in PBS, with one protease inhibitor cocktail tablet/20ml (cOmplete™, EDTA-

free Roche)], centrifuged at 13,000 x g for 5 mins at 4°C and supernatants adjusted to 200 

µg/ml prior to analysis via a modified 22-plex mouse ProcartaPlex custom kit (eBioscience) 

and a mouse TIMP-1 ELISA (eBioscience). Assays were conducted according to 
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manufacturer’s instructions; Cytokine levels measured using the Bio-Plex MAGPIX 

multiplex reader (BIO-RAD); Results tabled using the ProcartaPlex Analyst 1.0 software 

program (eBioscience). Statistical analysis: Mann-Whitney U test (Two-tailed). 

Proteomics analysis using LC-MS/MS 

Equal dry weight of cecum was pooled per experimental condition (n=3-5 replicates). Tissue 

lysis and processing for LC-MS/MS is described in Supplementary Material. Raw data 

analysed with MaxQuant (v 1.6.0.16) against the UniProt mouse proteome (release 12/6/17, 

52015 proteins) and post-processing of significantly changing proteins were performed as 

described in Supplementary Material. A minimum of three independent biological and 

technical mass spectrometric replicates were performed. 

PLG extraction from mouse gut tissue 

PLG was extracted from mouse gut tissues as before 16, with some modifications (See 

Supplementary Material).  

Spore preparation 

C difficile spores were prepared using method described previously 17 except that spores were 

harvested from TY plates 18 and washed in ice-cold sterile dH20 until supernatants became 

clear (8–10 times). 

Isolation of fecal spores 

Spores were isolated from fecal samples collected from two C difficile-infected human 

subjects or from C difficile-infected mice. Samples were resuspended in PBS, filtered through 

a 100 µm, then 70 µm nylon cell strainer (Falcon) and centrifuged (1 min at 14,000 x g at 
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RT). Pellets were washed 5 times in ice-cold sterile dH20 then further purified using 

Histodenz 17.  

Detecting hPLG binding to C difficile spores via surface plasmon resonance  

Spores were immobilized to the surface of C1 series sensor chips (GE Health Care) following 

the C1 NHS/EDC method template with a contact time of 900 seconds at a flow rate of 5 

µl/min in 10 mM sodium acetate, pH 5.5. Interaction of human, equine, porcine or mouse 

plasminogen (A95350M; Life Science, Inc.) with spores was determined using concentrations 

of 0.16-100 µg/ml and using single cycle kinetics in 1x PBS at 20 µl/min with a 60 second 

contact time and a final dissociation time of 10 mins. 

Detection of PLG binding via Western blot analysis 

Detection of hPLG bound to C difficile spores from strains M7404 14, R20291 19, JGS6133 20, 

AI35 21, DLL3109 22, VPI10463 23 and CD37 24 was performed as before 5 except that 10 µg 

hPLG (Banksia Scientific) was bound to 1 x 106 spores. Binding was analyzed via Western 

blot using 1–2 µg/ml α-human Plasmin(ogen) antibody (MAB2596; R&D Systems) and 

detected using a goat α-mouse IgG (H + L) HRP conjugated antibody (Millipore) with the 

ChemiDoc XRS+ system (Biorad).  

PLG binding detection via Immunofluorescence  

1 x 109 C difficile spores were incubated with 10 µg hPLG as before 5. hPLG bound spores 

were then incubated in 5% skim milk (1 – 2 h/RT), washed 3 times in TBS buffer (5 mM 

Tris-HCI, 15 mM NaCI, pH 7.4), incubated with 2 µg/ml α-human Plasmin(ogen) antibody 

(overnight/ 4oC, washed again followed by incubation with an Alexa Fluor 488 goat α-mouse 

IgG (H + L) (Life Technologies) (45 mins/RT). After the final washes, spores were 
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resuspended in TBS buffer, mounted onto poly-L-lysine slides (Thermo Scientific) and 

imaged on an Olympus BX-51 attached to an Olympus power unit U-RFL-T.  

PLG binding detection via super resolution microscopy (STED) 

hPLG was labeled with Alexa Fluor 647 NHS ester (Invitrogen, A20006) as per 

manufacturer’s instructions (GE Healthcare, 17-0853-02). Spores were bound with 10 µg of 

labeled hPLG, washed 3 times as before, and incubated (overnight/ 4oC) with an anti-C 

difficile whole spore antibody 25 labeled with either Atto-488 NHS ester (Invitrogen, 41698) 

or Alexa Fluor 568 NHS ester (Invitrogen, A20003), as above. Following 3 washes, spores 

were mounted onto poly-L-lysine coated coverslips (No.1.5H, Zeiss) and imaged using a 

stimulated emission depletion (STED; Abberior Instruments GmbH, Göttingen, Germany) 

microscope equipped with an Olympus 100x oil objective (UPlanSApo NA=1.4) with a 1 

watt 775 nm pulsed STED laser. Imagine acquisition was performed in RESCue (REduction 

of State transition Cycles) mode (775 STED laser power of 6%/ confocal laser power for 640 

nm of 60%). For 488 nm only a confocal laser of 20% was used. Unlabeled spores and spores 

bound to unlabeled hPLG were used as negative controls. 

Bone marrow derived macrophage (BMDM) isolation and infection 

BMDM isolation was performed as before 26. Cells were serum starved overnight prior to 

infection with M7404 spores that were either untreated or plasmin treated as before (MOI 

10:1). TEM imaging and analysis was performed (n = 60/ group) as described below.  

TEM imaging of untreated versus plasmin-bound treated spores 
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1 x 109 M7404 spores were either untreated or plasmin treated as before. TEM preparation 

and imaging of spores were as before 27. Sections were imaged on a JEM-1400Flash (Jeol). 

Statistical analysis: Mann-Whitney U test (Two-tailed). 

Germination assay of untreated spores versus plasmin-bound spores 

Germination assays were performed as before 28 and are detailed in Supplementary Material. 

Data represent the mean of at least 3 biological replicates. Statistical analysis: Two-way 

ANOVA with Tukey’s multiple comparisons test. 

PLG activation assay 

Using a modified protocol 29, 1 x 109 untreated spores or spores bound with 10 µg hPLG (see 

Western blot protocol except washes were carried out in 0.01% TBS-Tween 80) were 

incubated with or without either 0.001 µM huPA (R&D Systems), human tissue plasminogen 

activator (htPA) (Millipore) or mouse uPA (muPA) (Molecular Innovations) in the presence 

of 100 µM of S-2251 (Chromogenix). Experiments were conducted independently 3 times, 

with a representation of the results shown. 

PLG extraction from mouse gut tissue 

Cecum was collected from five hPLG or PBS infused mice, the tissue from each group 

pooled, weighed and passed through 100 µm nylon cell strainers (Falcon), Suspensions were 

then centrifuged (4oC/5 mins/13,000 x g) and the supernatants collected. The sample amount 

loaded onto a 12% SDS PAGE gel was based on the equivalent mg of pooled cecal tissue, 

and the extracted PLG visualized via Western blot analysis.  

Germination assay of untreated spores versus plasmin-bound spores 
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2 x 107 untreated M7404 spores or plasmin-bound spores (PLG binding as per Western blot 

protocol, except that 0.001 µM human urokinase plasminogen activator (huPA) was added at 

37oC for 2.5 h for PLG activation) were tested. 

Crystallization of antibody and KR5-SP plasminogen fragment and micro plasmin (SP) 

binary complexes  

Recombinant proteins were expressed and purified as previously described 29. More details 

are provided in the Supplementary Material.  

Impact of B10 and G05 on plasmin activity and hPLG activation 

Plasmin activity and hPLG activation were carried out as before 30  

Binding of hPLG to antibody B10 and G05 measured by BiaCore T200  

Binding experiments were performed as before 30 

Results 

To test if plasminogen is recruited to the infection site, mice infused with, or 

transgenic mice expressing, hPLG were infected with a toxigenic wild-type (WT) strain of C 

difficile (M7404) or a mutant strain (DLL3121) that no longer produces the major toxins, 

TcdA and TcdB 12. WT-infected mice displayed epithelial damage, edema and inflammation 

in comparison to uninfected mice (Fig. 1A). We found that hPLG levels in the cecum of these 

WT-infected mice were significantly elevated in comparison to all controls (Fig. 1B). In 

addition, slightly elevated levels of hPLG were detected in the DLL3121 infected mice 

compared to uninfected animals (Fig. 1B). These results suggest that CDI and tissue damage 

leads to an influx of hPLG into the infected gastrointestinal tissue. The action of the major 



12 

 

toxins TcdA and TcdB appears to be the main driver of this hPLG accumulation, although 

other bacterial factors, such as the C difficile binary toxin (CDT) 10, are sufficient to mediate 

partial hPLG influx. Collectively, these results suggest that CDI and tissue damage leads to 

an influx of hPLG into gastrointestinal tissue at the infection site.  

To determine if hPLG tissue influx influences infection outcomes, we compared 

disease severity in WT C57BL/6J mice to that observed in transgenic mice that express hPLG, 

which were both infected with toxigenic C difficile. Disease was greatly exacerbated when 

hPLG was present, with earlier disease onset seen in the hPLG-expressing mice as 

demonstrated by higher stool consistency scores (Fig. 1C), increased nest soiling (Fig. 1D), 

and poorer physiological conditions (Fig. 1E) (for scoring parameters see Supp. Tables 2 – 4). 

The severity of the disease symptoms resulted in a significant reduction in survival time, with 

the hPLG transgenic mice requiring euthanasia 24 hours earlier than the WT mice (Fig. 1F). 

To ensure that disease exacerbation did not result from colonisation or toxin production 

differences between the groups of mice, feces were collected and analysed at 24 hours post-

infection. TcdA and TcdB production was comparable across the two groups of mice (Fig. 

1G, H), and no discernible difference in the numbers of spores shed from the mice was 

detected, with all mice shedding 5x106-1x107spores/g feces. Since TcdB is the major driver 

of tissue damage 31, no difference in adherens junction integrity (Supp. Fig. 1G) or 

histopathological damage (Supp. Fig. 1H) was observed between cecal tissues from WT and 

hPLG transgenic infected mice.  

We next investigated whether leakage and dissemination of gut luminal contents to 

distant organs had taken place in the infected animals. We reasoned that such an outcome 

may explain the observed disease exacerbation in hPLG mice. Accordingly, thymus, spleen 

and kidneys were harvested at 24 hours post-infection and examined for the presence of 
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spores. Spores were detected in the kidney, spleen and thymus of the hPLG mice but not in 

C57BL/6J control mice, except for very low numbers in the thymus (Fig. 1I). Moreover, 

plasmin-bound spores exhibited an ~ >3-fold increase in association with bone marrow 

derived macrophages (BMDMs) ex vivo when compared to unbound spores (Supp. Fig. 2H), 

a mechanism that may facilitate extraintestinal spore dissemination.  

An examination of cecal tissues harvested at 24 hours post-infection revealed 

significantly more inflammation (Fig. 1J) and immune cell influx (Supp. Fig1. H) in the 

hPLG mice compared to C57BL/6J mice. These findings were supported by experiments 

performed using mice infused with hPLG, which also exhibited accelerated disease 

symptoms (Supp. Fig. 1). The exacerbated disease seen in hPLG-expressing or infused mice 

was therefore reflected in the cecal pathology of the mice, suggesting that hPLG exacerbates 

gut inflammation during infection with toxigenic C difficile which leads to more severe 

disease outcomes. The presence of hPLG in infected tissues also changed the host 

inflammatory profile, with significant increases in the production of cytokines detected in 

infected hPLG mice compared to infected PBS control mice (Fig. 2A). To confirm that 

altered cytokine expression did not result from the presence of hPLG alone, the cytokine 

levels in uninfected mice were examined. The levels in hPLG infused but uninfected mice 

were slightly, but not significantly, lower than those in the PBS infused uninfected mice (Fig. 

2B), however, cytokine levels in both uninfected groups were low when compared to those in 

infected mice. A quantitative proteomic analysis of infected versus uninfected cecal tissues 

collected from PBS and hPLG infused mice supported these findings (Fig. 2C, D, E; Supp. 

Table 1). Taken together, these data suggest that C difficile is able to recruit hPLG during the 

course of infection, and that the presence of this protease enhances inflammation and disease 

severity in the gut, in turn facilitating the translocation of C difficile spores to extra-intestinal 

organs. 
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Since the mice used in these studies all produce murine plasminogen (mPLG) in 

addition to hPLG 4, we investigated the role of mPLG during infection with toxigenic C 

difficile by comparing the disease outcomes of genetically modified mice that no longer 

express mPLG (mPLG KO) 13 to unmodified C57BL/6J (WT) mice. No difference in disease 

progression, inflammation (Supp. Fig. 1F) or survival time (Fig. 1K) was observed between 

the two groups, suggesting that mPLG does not contribute to disease in this infection model.  

As several diverse invasive pathogens recruit plasminogen onto their surface to enable 

host invasion and to subvert the host immune response 5, 6, 32, we examined if C difficile has 

the same capability. Unexpectedly, unlike most pathogens we discovered that hPLG did not 

bind to C difficile vegetative cells (Fig. 3A), but instead bound strongly to spores, regardless 

of the origin (human or animal), geographic location or toxigenic status of the strain (Fig. 3A, 

C). Moreover, immunofluorescence (IF) and STED super resolution microscopy confirmed 

that hPLG bound to spores produced under laboratory culture conditions (Supp. Fig. 2A-C; 

Fig. 3D-F). Importantly, spores derived from C difficile-infected patients (Fig. 3G–I) or C 

difficile-infected mice (Fig. 3J–L) were also found to have hPLG on their surface, with STED 

imaging showing that hPLG bound in clusters around the spore surface in all cases (Fig. 3E, 

3H, 3K). This result suggests that spores are naturally coated with hPLG within the context of 

the infected host.  

Surface plasmon resonance confirmed that hPLG bound with high affinity to C 

difficile spores (KD of 13.4 nM±3.2 nM, Kon of 55,520 (± 6953) M/s and Koff of 7.3x10-4 

(±1.1x10-4) 1/s) (Fig. 3B). Crucially, no concentration dependent interaction was detected 

between spores and mPLG (Fig. 3B). These data support the finding that no difference in 

virulence is seen between WT versus mPLG-deficient mice (Fig. 1K). C difficile spores also 
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bound to porcine and equine PLG (Fig. 3B) although with lesser affinity than to human PLG, 

which may suggest that these proteins also contribute to disease exacerbation in such hosts.  

The conversion of PLG to its most active form, plasmin, is tightly regulated 3. PLG is 

converted to plasmin by host factors such as urokinase plasminogen activator (uPA) and 

tissue plasminogen activator (tPA) 3. Accordingly, we performed PLG activation assays in 

the context of the spore-bound form. Unbound or spore-bound hPLG was incubated with 

human or murine uPA (huPA and muPA) and human tPA (htPA). Both the mouse and human 

factors activated hPLG to plasmin in either the unbound (Supp. Fig. 2D) or spore-bound state 

(Supp. Fig. 2E), suggesting that the spores have plasmin on their surface and can transport 

this active protease to any site that they occupy, within or outside the gut. This idea was 

supported by the proteomic analysis, which showed an increase in the amount of the mouse 

variants of the plasminogen-activating cascade only in infected hPLG mice (Fig. 2E), 

indicating that hPLG is activated and functional in the gastrointestinal tract of these animals. 

Since plasmin has broad substrate specificity 34, and to determine the functional 

outcome of plasminogen activation in the context of C difficile spores, we investigated the 

spore structure to determine if it was altered, particularly on the surface. Strikingly, 

transmission electron microscopy showed that hPLG bound to spores and activated using 

huPA reduced the thickness of the exosporium, or the outermost spore layer, by half, from an 

average of 73.9 nm in untreated spores to 34.6 nm in hPLG-bound spores (Fig. 4A-E). As 

germinants must traverse the exosporial layer before they can activate spore germination, the 

thickness and density of this layer may influence the efficiency of the germination process in 

the host. Germination assays were therefore performed, in the presence of the host-derived 

bile acid germinant, taurocholate, showing that the plasmin-bound spores germinated more 

rapidly than untreated spores (Fig. 4F). This result shows that binding and activation of hPLG 
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directly changes the structural and functional properties of C difficile spores, leading to faster 

germination, which may contribute to the earlier disease onset and severe disease outcomes 

observed in the hPLG-mouse models described above.  

To further investigate the functional consequence of plasmin accumulation on the 

spore surface, we compared the ability of plasmin-bound and unbound spores to modify host 

proteins. Plasmin-bound spores specifically cleaved the complement protein C3b; a 

phenotype that was reversed in the presence of the plasminogen activation inhibitor, 

tranexamic acid (Supp. Fig. 2F) and also degraded the ECM protein, fibronectin (Supp. Fig. 

2G). Plasmin-mediated modification of the surface of a bacterial cell, in this case a spore, has 

not been demonstrated before and brings a new understanding to how a pathogen has adapted 

to take advantage of the proteolytic activity of a host protein. 

We next investigated whether targeting hPLG therapeutically may present an effective 

treatment for CDI. Previous studies have shown that the plasmin system is challenging to 

specifically inhibit, with small molecule plasmin inhibitors cross-reacting with other key 

proteases of the coagulation system 35. To overcome these problems, we developed two 

monoclonal antibodies (G05 and B10) that specifically target the plasmin(ogen) system. Both 

antibodies bind to plasminogen (Supp. Fig. 3C-E). However, molecule G05 was found to 

effectively inhibit the generation of active plasmin (Supp. Fig. 3A) whilst molecule B10 was 

found to effectively inhibit the activity of plasmin (Supp. Fig. 3B). To understand the 

structural basis for the function of these molecules we determined the X-ray crystal structure 

of a scFv fragment of G05 in complex with a fragment (KR5-SP) of plasminogen (Fig. 4G; 

Supp. Table 5), and B10 in complex with micro-plasmin (Fig. 4H; Supp. Table 5). The G05 

complex revealed that the antibody specifically interacts with the activation loop of hPLG, 

thus preventing activators such as tPA and uPA from cleaving and activating the zymogen. In 
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contrast, the catalytic domain of the plasmin (SP) structure reveals that B10 directly binds to 

the plasmin active site, thus preventing substrate binding.   

To test the efficacy of the antibodies, hPLG-infused C57BL/6J mice were infected 

with C difficile and administered hepes buffer alone or a non-specific isotype-control (naïve) 

antibody as control groups, or antibody G05 or B10. Disease onset was not as rapid in the 

G05-treated group, with low scores detected at 24 h post-infection in both fecal consistency 

(Fig. 4I) and nest soiling (Fig. 4J) when compared to the control groups. The physiological 

appearance of G05-treated mice indicated a reduction in disease severity 24 h post-infection 

when compared to control groups (Fig. 4K). Strikingly, G05-treated mice also survived for 24 

h longer than control mice (Fig. 4L). By contrast, the B10-treated group appeared similar to 

the infected control groups, with very little protection observed (Fig. 4I-L). These results 

suggest that administration of the plasmin inhibitor antibody G05 protects against severe 

disease, and prolongs the survival of infected mice.  

Discussion:  

This study demonstrates three key findings that may have broader implications for gut 

disease. Firstly, infection-mediated damage recruits plasminogen, a potent protease when 

activated to plasmin, to the gastrointestinal infection site, which exacerbates disease. 

Secondly, cleavage of spore surface proteins by plasmin accelerates germination, which is 

likely to exacerbate the infection cycle and contribute to higher disease severity. Thirdly, our 

work reveals a new disease mechanism in which an enteric pathogen exploits the host 

fibrinolytic system to exacerbate gastrointestinal disease.  

The dysregulation or mislocalization of plasminogen contributes to the 

pathophysiology of inflammatory processes that can be detrimental to the host 36. Here we 
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have shown that hPLG exacerbates C difficile-mediated disease, with disease progression 

occurring more rapidly in mice expressing hPLG than in mice that only express mouse PLG 

(C57BL/6J mice). The enteric damage that results from toxin-mediated CDI leads to 

approximately 3.25 times more hPLG in the cecum of hPLG infused and infected mice 

compared to hPLG infused but uninfected mice. Note that despite the finding that mPLG 

does not appear to contribute to disease in the infection model used in this study, additional 

work is needed to confirm that the function of hPLG is not influenced by the presence of 

mPLG.  

Although the influx of immune-related cells and other factors into infection-damaged 

gastrointestinal tissue is well known8, the work described here has shown for the first time 

that a specific protease, hPLG, migrates into damaged gut tissue and exacerbates this 

infection-mediated damage, altering the immune response. Collectively, the results obtained 

from the gut histology, cytokine arrays and proteomics analysis demonstrate that a more 

pronounced neutrophil-driven response toward CDI occurs in the presence of hPLG, and 

correlates with the indirect recruitment of neutrophils that is stimulated by plasmin seen in 

non-infection studies36; this may serve to recruit additional hPLG to infected tissues since 

neutrophils bind to this host protein37.   

As well as an increase in the numbers of immune cells recruited to the infection site, 

an increase in the expression of numerous pro-inflammatory markers and proteins involved in 

the recruitment and activation of neutrophils and macrophages, cell types which are 

hallmarks of CDI 38, was detected in infected hPLG mice. Apart from worsening disease 

outcomes, this increase in immune cell influx might provide a mechanism for spore 

dissemination. Supporting this notion, B. anthracis spores can escape the lung through 

immune and epithelial cells to reach regional lymph nodes, from which they can further 
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disseminate 39
. The increased association of plasmin-bound spores to BMDMs when 

compared to unbound spores in our study suggests a similar mechanism for spore 

dissemination may exist in CDI.  

A reduction in the ECM component, fibronectin, was also detected in the infected 

cecum of hPLG mice. In other non-intestinal studies, PLG has been shown to proteolytically 

degrade ECM and basement membrane-related proteins, to assist with cell migration and to 

maintain host homeostasis 3, and was also found to be an important initiator of systemic 

disease in group A streptococcal clone M1T16. In our study, an increase in the levels of 

complement related proteins in the cecum of infected hPLG mice was also detected, again 

suggesting that elevated levels of hPLG recruited to these tissues can alter the innate immune 

response. Other pathogens also degrade or reduce tissue integrity in the host through the 

recruitment of plasmin2. S. pneumoniae isolated from haemolytic uremic syndrome (HUS) 

patients, for example, has been shown to degrade fibronectin, cleave C3b, and damage 

endothelial cells, which may serve to induce HUS-mediated pathology 40. This phenotype has 

not, however, been previously demonstrated in the context of gastrointestinal pathogens. Here 

we show that C difficile plasmin-bound spores are also able to degrade fibronectin and cleave 

C3b, the latter of which may result in a reduced capacity for pathogen clearance by the host. 

The banding pattern is different to that observed when C3b is cleaved naturally in the host 41, 

suggesting that hPLG cleavage either degrades this essential innate immune component or 

alters the usual pathway taken by C3b to initiate an innate immune response. 

Our data show that the dysregulation and infiltration of hPLG in the gastrointestinal 

tract following toxin damage changes the dynamics of C difficile infection and allow for a 

new model for CDI progression to be proposed. In this model, toxin-mediated gut damage 

recruits hPLG to the damaged region. The aberrant localization and activation of hPLG to 
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plasmin in the wounded gut promotes further tissue damage through an inflammatory 

response that increases immune cell influx and degradation of host proteins. Once the 

infection is established, hPLG may be recruited to both ingested and newly produced spores, 

within the gut. Active plasmin remodels the spore surface, inducing rapid spore germination 

into toxin-producing vegetative cells and further enhancing disease severity, consistent with a 

role in accelerating disease. The plasmin-bound spores also alter the innate immune response, 

possess greater invasive potential and can be systemically spread throughout the host, which 

may increase the propensity for disease recurrence. Importantly, additional studies are 

required to examine how gut microbiota composition might be altered in the context of 

hPLG-infiltration since shifts in the post-antibiotic microbial balance may influence CDI 

disease or extraintestinal dissemination.    

Excitingly, antibody G05, which inhibits plasminogen activation, successfully 

reduced disease severity, and is a promising adjunct therapy for current standard of care 

therapeutics in CDI. The G05 antibody has a short half-life (data not shown) and would need 

to be engineered for optimal luminal delivery and minimization of systemic effects; further 

optimization and rigorous clinical testing must therefore occur before this type of treatment 

can be used. Nevertheless, this approach of targeting the plasminogen / plasmin system is 

supported by the existing short-term clinical (extraintestinal) use of  tranexamic acid, an FDA 

approved plasminogen activation inhibitor, which is currently used to reduce haemorrhaging 

in severe trauma and blood disorder patients 42. Since several gastrointestinal pathogens 

mediate disease through toxigenic effectors which compromise tissue integrity, and many 

other gastrointestinal disorders result in similar leaky gut effects, our results have broader 

implications for our understanding of the mechanisms underlying enteric diseases and further 

raise the possibility that inhibition of human plasmin(ogen) may be of broad therapeutic 

utility.  
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Legends 

Figure 1: hPLG is recruited to the CDI-damaged gut, exacerbates tissue damage and 

disease and aids in spore dissemination in the infected host. (A) Representative 

PAS/Alcian blue stained cecal sections from hPLG transgenic mice or hPLG infused WT 

mice that were either uninfected or infected with C difficile M7404 WT or an M7404 toxin 

mutant (DLL3121; A-B-). Square brackets ([) indicate crypt hyperplasia, arrow heads (▲) 

represent epithelial damage, and asterisks (*) represent edema and inflammation. Scale bar 

represents 200 µm. (B) Western blots showing the amount of hPLG extracted from the cecum 

of hPLG transgenic C difficile uninfected versus infected mice. Purified hPLG is included as 

a positive control (lane 1). hPLG extracted from the cecum of uninfected hPLG (lane 2) and 

C difficile infected hPLG mice (lane 3) and from the cecum of hPLG infused uninfected (lane 

4), M7404 toxin mutant (A-B-) infected (lane 5) or M7404 infected C57BL/6J mice (lane 6) 

is shown. Units (100 and 75) refer to the molecular weight of protein standards, in kDa. (C) 

Fecal consistency, (D) Cage appearance, (E) Physiological appearance and (F) Survival time 

for hPLG transgenic (n = 20) and WT (n = 13) C difficile M7404 infected mice, uninfected 
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controls for hPLG (n=7) and WT (n=11) mice. (G, H) Fecal toxin levels from C difficile 

infected hPLG transgenic mice or WT mice, assessed using HT29 cells (TcdA) (G) and Vero 

cells (TcdB). (H) No statistically significant differences in toxin levels were observed. (I) C 

difficile spore numbers in the kidney, spleen and thymus of C difficile infected hPLG 

transgenic mice or WT mice. (J) Cecal inflammation score of hPLG transgenic infected and 

uninfected mice. (K) Survival times for mPLG KO (n=18) and WT (n=18) C difficile M7404 

infected mice, uninfected controls for mPLG KO (n=5) and WT (n=6) mice. Note that WT 

refers to C57BL/6J mice. Statistical analysis: One-way Anova with Tukey’s multiple 

comparisons (** P<0.005; ***P<0.0005; ****P<0.0001) (C, D, E, J) or a Mann Whitney test; 

* P<0.05; **P<0.001; ***P<0.0001) (F, G, H, I, K). 

 

Figure 2: hPLG alters the host inflammatory response and tissue integrity during CDI. 

(A) Cytokine levels using a 22-plex cytokine array and TIMP-1 ELISA on tissue lysates from 

the cecum of either PBS infused or hPLG infused C difficile M7404 infected mice are shown. 

The fold ratio represents the cytokine levels present in the gut tissues of infected mice 

normalized to levels obtained from each respective uninfected mouse group. Only the 

cytokine levels that differed between the hPLG and PBS infused and infected mice are shown. 

(B) The abundance (Log10) of the same cytokines that differed between the uninfected hPLG 

infused and uninfected PBS infused mice are shown for the cecum of each uninfected mouse 

group. The cytokine levels in hPLG infused but uninfected mice were slightly, but not 

significantly, lower than those in the PBS infused uninfected mice, however, cytokine levels 

in both uninfected groups were low when compared to those in infected mice. For (A, B) 

statistical analysis: Mann Whitney test (* P<0.05; **P<0.001; ***P<0.0001). (C) Proteomics 

by label-based liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) 
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identified an average of 36696 unique peptides that were quantified across all 4 treatment 

groups (PBS uninfected; hPLG uninfected; PBS infected; hPLG infected), and that 

represented 5041 protein groups. Of these, 4426 protein groups were identified in at least 2 of 

3 replicates and were represented by ≥2 peptides to allow relative quantification. Gene 

ontology (GO) biological process terms statistically over-represented (FDR <0.05, red line 

denotes significance cut-off) in hPLG infected mice, compared to PBS infected mice. A 

significant number of over-represented GO terms are associated with innate and adaptive 

immunological processes, and a cross-section were selected for further analysis. (D) 

Immunological and tissue processes of interest, including the plasminogen activating cascade 

(E), were selected from GO analyses. GO term-associated protein abundances across 

treatment groups were scaled using z-scores at the protein level. Lower z-score (dark blue) 

denotes lower abundance, whereas higher z-scores (green and yellow) denote higher 

abundance.  

Figure 3: Human, equine and porcine but not murine PLG binds to C difficile spores. (A) 

Western blot of C difficile M7404 vegetative cells using an anti-human PLG Ab.  Vegetative 

cells incubated in the absence (V) or presence of hPLG (VP) are indicated. (B) 

Representative Biacore sensor curves for the interaction between human, equine, and porcine 

PLG and M7404 spores and lack of interaction between mouse PLG and spores. Data were fit 

to a one site specific binding model. (C) Binding of hPLG to C difficile spores from diverse 

locations and origins (M7404 Canadian human epidemic isolate (E1); R20291 UK human 

epidemic isolate (E2); JGS6133 US animal isolate (A-US); A135 Australian animal isolate 

(A-AU); DLL3109 Australian human epidemic isolate (E-AU); VPI10463 US human 

reference isolate (R) and CD37 US non-toxigenic isolate (NT)) and detected using an anti-

human PLG Ab. For (A) and (C), Spores incubated in the absence (S) or presence of hPLG 

(SP) are indicated. Purified hPLG (positive control) protein (P) and supernatants from spores 
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washed 5 times with binding buffer to remove any unbound PLG (W) are also included as 

controls. Units (100 and 75) refer to the molecular weight of protein standards, in kDa. (D-L) 

Stimulated emission depletion (STED) microscopy of in vitro derived (D-F), human derived 

fecal (G-I) and mouse derived fecal (J-L) C difficile spores stained using an anti-spore 

antibody (green) bound to hPLG (red). Merged STED images are shown in F, I and L. 

 Figure 4: Plasmin binding to C difficile M7404 spores remodels the spore surface and 

increases germination efficiency, and molecule G05, a plasminogen activation inhibitor, 

reduces disease severity. Transverse TEM sections of (A) untreated or (B) plasmin-bound 

spores. The boxed regions from (A) and (B) are shown enlarged in (C) and (D), respectively. 

(E) The average length (nm) of the exosporium was measured from untreated and plasmin-

bound spores (n=40 spores/group, with 5 measurements per spore). Statistical analysis: 

Mann-Whitney U test (P<0.0001). (F) Germination rates of untreated or plasmin-bound 

spores in the presence of 50 µM sodium taurocholate. Untreated spores incubated in the 

absence of sodium taurocholate were included as a negative germination control. Data 

represents the ratio of the OD600 at each time point (OD600(t)) over the OD600 at time 0 

(OD600(t0) and is measured over time (mins). Statistical analysis: Two-way Anova with 

Tukey’s multiple comparisons test (P<0.01 for untreated spores versus plasmin-bound spores 

in the presence of germinant). (G) Cartoon representation of the crystal structure of G05 

bound to a hPLG fragment (containing the kringle 5 and the serine protease domains, KR5-

SP) showing that G05 binds to the activation loop and KR5. KR5, activation loop, SP, G05 

light chain (LC) and heavy chain (HC) are depicted as light blue, yellow, cyan, pink and 

magenta, respectively.  The peptide bond (arrow) between residues R561 and V562 of hPLG 

must be cleaved during activation. Key intermolecular side-chain interactions observed 

between KR5-SP and G05 (dotted line square) are shown on the right panel. Hydrogen bonds 

and salt bridges are shown as dashed lines. (H) Cartoon representation of the crystal structure 
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of B10 bound to the SP domain showing that B10 binds to residue D646 of the catalytic triad 

(H603, D646 and A741; shown in yellow stick and labelled). SP, B10 light chain (LC) and 

heavy chain (HC) are depicted as cyan, pink and magenta, respectively. Key intermolecular 

side-chain interactions observed between SP and B10 (dotted line square) are shown on the 

right panel as before. (I) Fecal consistency, (J) Cage appearance (K) Physiological 

appearance and (L) Survival curve of hPLG infused and C difficile M7404 infected mice 

either injected with hepes (blue circles), B10 antibody (orange squares), G05 antibody (green 

triangles) or a naïve (non-specific isotype-control) anti-chicken antibody (purple upside-

down triangles). Statistical analysis: Mann Whitney test; * P<0.05. 
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What you need to know: 

Plasmin(ogen) is a protease that is required for wound healing. This study investigated its 
effects on gastrointestinal damage resulting from infection with enteric pathogens such as 
Clostridioides difficile. 
 
NEW FINDINGS: Human plasmin(ogen), recruited to the damaged gut of 
C difficile-infected mice, increases disease severity; this effect is neutralized by an antibody 
against activated plasminogen. Plasmin(ogen) also altered the spore surface, accelerating 
germination. 
 
LIMITATION: These studies were conducted in mice. Studies of plasmin activation 
inhibition using antibody therapy are needed in humans. 
 
IMPACT: Proteases might accelerate progression of disease following infection with 
C difficile or other enteric pathogens. Inhibitors of plasminogen activation might be used to 
reduce the severity of C difficile-mediated disease.  
  

Lay summary 
The human protease plasmin(ogen) is recruited to the toxin-damaged gut during infection 
with pathogenic bacteria. Plasminogen can alter the bacterial spore surface and promote 
germination, and exacerbates inflammation and disease, promoting spore dissemination. 
 


