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CHAPTER I 

 

Introduction 

 

1.1  Paeniclostridium sordellii 

Paeniclostridium sordellii is a Gram-positive spore forming anaerobe present in the 

environment, typically found in the soil, sewage, and the gastrointestinal tract of humans and 

animals [1]. In its spore form, it is environmentally stable and capable of withstanding harsh 

conditions. P. sordellii was first isolated in 1922 by a microbiologist named Alfredo Sordellii who 

named it Bacillus sordellii. Ensuing observations of morphological, biochemical, and virulence 

factor expression profiles led to the name Clostridium oedematoides being adopted, and later 

Clostridium sordellii. Over time, whole genome sequencing has allowed for advanced taxonomic 

analyses for many organisms, and, in 2016, the bacterium was reclassified as a species of the 

genus Paeniclostridium, and the name P. sordellii was adopted [2]. 

 

1.2  Overview of Paeniclostridium sordellii Infection 

1.2.1 Epidemiology 

There are many nonpathogenic P. sordellii strains that are ubiquitous in the environment. 

Virulent strains, however, exist and are extremely lethal to both livestock and humans. P. sordellii 

has been implicated in causing gastrointestinal disease and gas gangrene in sheep and cows [3]. 

In humans, P. sordellii infections (PSI) have been described in post-partum and post-abortion 

females, injection drug users, and in trauma cases.  

Reproductive-age women are at increased risk for PSI because this organism can cause 

intrauterine infection following childbirth or abortion (spontaneous, therapeutic, or illicit) [4]. The 

reported frequency of these infections is on the rise with PSI leading to high mortality rates and 

presentation of a severe toxic shock syndrome (TSS) that can be characterized by sudden onset 
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of weakness, refractory hypotension, and a marked leukemoid reaction (LR) [4]. The exact 

frequency of occurence of PSI-TSS is unknown; one review suggested that 1 in 200 deaths 

among women of childbearing age were associated with TSS, due to P. sordellii and/or the related 

C. perfringens [5]. 

 It is likely that humans inadvertently ingest P. sordellii spores in their foods or from lack 

of proper hygiene. P. sordellii spores would be able to withstand the digestive nature of the gut 

and, in many cases, pass through an individual and back out into nature without causing infection. 

In some cases, however, the organism can colonize the gastrointestinal tract. Presumably, 

through fecal contamination, the bacterial spores gain entry into the vaginal cavity and exist as a 

part of the vaginal flora in up to 10% of women [6]. In most cases, P. sordellii does not persist in 

women for much more than a few weeks [7]. In rare cases, however, the bacterium can find the 

reproductive tract a hospitable environment for infection. Conditions that could increase the 

likelihood for genital tract infection in post-partum or post-abortion women include nonviable 

decidual tissue, tissue injured by trauma or surgical instruments, remaining articles of conception 

(placental or fetal tissues), or clotted blood [8].  Pathogens like P. sordellii can find these oxygen-

limited and nutrient-rich genital niches to be favorable for germination into vegetative bacteria, 

which are capable of toxin production and disease pathogenesis.  

An in vitro study looking at germination has reported that P. sordellii spores specifically 

recognize bicarbonate and three structurally different amino acids (L-alanine, L-phenylalanine, 

and L-arginine) as germinants [9]. Additionally, germination of spores was found to occur optimally 

at pH 5.7-6.5 at 37ºC [9] and to be significantly enhanced by progesterone [10]. In a healthy 

female reproductive tract, vaginal pH is ~4.5, and vaginal fluids often lack L-phenylalanine [10]. 

Vaginal pH above 4.5 is a characteristic of bacterial vaginosis and is correlated with preterm birth 

in asymptomatic women and pelvic infections after induced abortions [11,12]. In pregnancy, 

progesterone is a naturally occurring steroid that is produced in large quantities [13]. Fetal growth 

requires nutrients resulting in increased amino acids, and following abortion or childbirth, a supply 
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of amino acids is present. In this setting, L-alanine, L-phenylalanine, and L-arginine, along with 

an increased vaginal pH, and the presence of progesterone could serve as stimulants for P. 

sordellii spores to germinate [9]. The incidence of infection in pregnant women is rare, likely due 

to the fact that P. sordellii needs to be present in the female reproductive tract at an opportune 

time and be a pathogenic strain. However, PSI-induced TSS in this setting is nearly 100% fatal 

[4]. 

 

1.2.2 Symptoms 

Women who present with a characteristic TSS can experience sudden onset of weakness, 

nausea, vomiting, diarrhea, and abdominal pain without fever; local and spreading edema; and a 

marked leukemoid reaction, i.e. a rapid increase in white blood cells [14]. It is thought that the 

association of leaky capillaries with hemoconcentration and a marked LR in a postpartum or 

postabortion patient is very characteristic of PSI and should result in early recognition of this 

disease before development of irreversible TSS [15]. 

 

1.2.3 Treatment 

Current treatment options for PSI are extremely limited. When women present with PSI-

associated TSS, there is very little information on how to treat the patient [4]. In an antibacterial 

susceptibility study, P. sordellii, like most clostridia, was suggested to be susceptible to β-lactams, 

clindamycin, tetracycline, and chloramphenicol, but resistant to aminoglycosides and 

sulfonamides [16]. Thus, antibiotics can be used to treat the P. sordellii bacterium, but the toxins 

remain active. Antitoxin preparations against lethal toxin have shown to prevent cytotoxicity of 

culture supernatants of P. sordellii, as well as C. difficile, in cell culture and lethality in mouse 

studies [17]. However, there is no commercially available antitoxin for treatment of human 

infection. 
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1.3 PSI Virulence Factors – Role of Toxins in Disease 

P. sordellii produces an arsenal of known and potential virulence factors: lethal toxin, 

hemorrhagic toxin, a phospholipase, a sialidase and sordellilysin, among others. PSI severity and 

lethality is dependent on the toxin expression profile of the strain [18]. 

 

1.3.1 TcsL and TcsH 

The lethal and hemorrhagic toxins, TcsL and TcsH, are similar in structure and biological 

activity to two cytotoxins of Clostridioides difficile, TcdB and TcdA, respectively [19]. As with the 

C. difficile toxins, TcsL and TcsH act to glycosylate host GTPases leading to cytoskeleton 

rearrangement, cell rounding and induction of apoptosis [20–23]. TcsL alone has been shown to 

be an essential virulence factor in the development of lethal PSI [24,25] and is capable of 

reproducing the TSS observed in PSI [26]. Even with TcsL and TcdB sharing ~ 76% sequence 

identity, the toxins differ in their host receptor specificity. Recently, SEMA6A/6B glycoproteins 

were identified as TcsL receptors and were shown to be relevant in mouse models of TcsL 

intoxication [27,28]. TcdB, however, does not bind SEMA6A/6B, but acts through additional host 

receptors. The host receptors can dictate the cell and tissue specificity for toxin targeting and 

likely explains why these two similar toxins target different physiological environments. 

The hemorrhagic toxin, TcsH, is not essential for virulence, as TcsL-positive isolates 

lacking the gene encoding TcsH are rapidly lethal in an animal model [24]. Recently, TMPRSS2 

and fucosylation have been identified as critical factors for cellular entry of TcsH [29]. This same 

study reported that TcsH can induce colonic epithelial lesions in vivo. Unfortunately, little else is 

known as to the physiological role that TcsH plays in PSI. Most P. sordellii strain isolates, though, 

lack TcsH altogether or have a truncated form [30], also suggesting that the hemorrhagic toxin is 

non-essential for P. sordellii pathogenesis. In addition, a P. sordellii strain that contains TcsH 

without TcsL has not been identified [31].  
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Fortunately, the majority of P. sordellii strains do not encode TcsL or TcsH [31]. The tcsL 

and tcsH genes are present on pCS1 plasmids [31], and their absence in most strains might be 

due to evolutionary pressures resulting in plasmid transfer. The lack of toxin production has been 

an indication of a good clinical outcome and lack of TSS [32].  

 

1.3.2 NanS 

P. sordellii produces a single sialidase, NanS, that is present in all isolates [31]. The 

closest homologue of NanS is C. perfringens NanH, sharing ~70% sequence identity. Unlike 

NanH, NanS has a signal peptide and is secreted extracellularly. Being a sialidase, NanS, is 

capable of cleaving a-2,3 bound sialic acids from the terminal ends of glycoproteins or glycolipids 

[33].  It has been shown that NanS can also process a-2,6 and a-2,8 moieties, but with less 

efficiency [33]. NanS has been reported to increase the proliferation of HL-60 cells in vitro, 

suggesting that it may play a role in the characteristic LR in PSI [34]. However, a subsequent 

study infected animals with a nanS-mutant P. sordellii knockout that still developed a LR, 

suggesting other virulence factors were responsible for the P. sordellii-associated LR [35]. 

Another study reported that NanS could work synergistically with an unidentified toxin to increase 

P. sordellii-associated cytotoxicity [36].  

 

1.3.3 Phospholipase C 

Phospholipase C (PLC or Csp) secreted from P. sordellii has been shown to be 

enzymatically active, though to a much lesser potency than its homologue C. perfringens alpha-

toxin (~52% sequence identity) [37]. The majority of P. sordellii strains produce PLC, but it alone 

is not toxic to mice. 
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1.3.4 Sordellilysin  

Sordellilysin (SDL) is a cholesterol-dependent cytolysin and hemolysin. It shares ~70% 

sequence similarity to C. perfringens q toxin (PFO). Most strains have a sdl gene, but not all 

express the protein [18].  

 

1.4 PSI-TSS Animal models 

Animal models are important to elucidate mechanisms associated with disease 

pathogenesis, specific roles of bacterial toxins during infection, and dynamics of host response. 

A mouse model to investigate P. sordellii tissue myonecrosis using intramuscular infections has 

been established and was found to mimic characteristics of human soft tissue infections [38]. 

For studying PSI-associated TSS, some investigators have used intraperitoneal injection 

of toxin [17,26]. TcsL, when injected intraperitoneally, was reported to cause edema through 

effects on lung vascular permeability [26]. This model was not optimal in terms of physiological 

relevance and did not address the contribution of this toxin to tissue damage during natural uterine 

infections. To increase relevancy, a uterine mouse model was established to study PSI-

associated TSS that involves infection via survival surgery to allow for ligation at the cervical 

junction and direct introduction of bacteria into the uterine lumen [39]. Infecting with vegetative P. 

sordellii bacteria, TcsL was identified to contribute to uterine tissue edema at the site of infection 

[25]. Though more relevant, this route of administration, unfortunately, does not mimic the likely 

mechanism of ascending pelvic infection among women, i.e., P. sordellii colonization of the vagina 

and ascension into the uterus. 

 

1.5 Reproductive Tract/ Mucosal Environment/ Disruption 

Mice are useful model systems in which to be able to study female infections of the 

reproductive tract. Although there are differences in the reproductive cycles between mice and 

humans, such as a shorter length of the cycle (4-5 days) and lack of menses in mice, the murine 
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endometrium does undergo significant remodeling of the tissue and resident immune cell 

populations that are comparable to changes in humans [40]. 

The female reproductive tract is comprised of continuous mucosal compartments that are 

functionally, structurally, and immunologically distinct [41–44]. These mucosal compartments of 

vaginal, cervical, and uterine tissues undergo cyclic changes throughout the reproductive cycle 

due to ovarian hormones, such as estrogen and progesterone, that affect local morphology, as 

well as immunological responses. Depending on the stage of the cycle and the genital location, a 

pathogen can encounter vastly different microenvironments that may either increase or reduce its 

potential to cause infection.  

The prevalence of bacteria within the uterine cavity is estimated to be significantly less 

than that of the vaginal microbiota [45,46]. For uterine bacterial pathogenesis to occur, pathogens 

must traverse from the lower vaginal tract, through the constricting cervix, and into the upper 

uterine tract. The female reproductive cycle may affect bacterial progression into the uterus 

possibly owing to the physical changes to the cervix, such as thinning of the cervical mucus, in 

response to cyclic hormonal fluctuations. 

Once a pathogen has entered the uterine cavity, there are several lines of defense in place 

to prevent pathogenesis. The uterine endometrium consists of an epithelial barrier that lines the 

lumen of the uterus. The adjoining epithelial cells are connected by tight junctions that prevent 

the passage of large molecules, such as microbes, deeper into the tissue. In addition, these cells 

can produce antimicrobial peptides/enzymes designed to eliminate pathogens.  

The epithelial surface is lined with a glycocalyx, a membrane-bound surface coat of 

glycoproteins and glycolipids. Atop the glycocalyx is a mucus layer that consist of a high 

concentration of glycoproteins, such as immunoglobulins and mucins [47,48]. The mucus and 

glycocalyx layers provide the first lines of defense that protect epithelial surfaces from direct 

contact with bacteria. 
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 Even with these defense systems in place, infections of the uterus do occur. Bacterial and 

viral sialidase activity has been shown to contribute to the virulence capacity of many microbial 

pathogens [47,49,50]. In the uterus, the terminal ends of the glycoproteins and glycolipids of the 

glycocalyx are capped with sialic acids [51]. In addition, the mucosal components, such as 

mucins, are up to 16% sialic acids by weight [52]. Pathogens can produce sialidases that can 

cleave these terminal sialic acids and ultimately lead to the degradation of mucins [47,48,53]. This 

sialidase cleavage has been shown to lead to biofilm development [54], bacterial adherence [55], 

and increased cytotoxicity of individual toxins [49,55–57]. It is unknown if this is a mechanism for 

P. sordellii NanS. 

 

1.6 Introduction to the Thesis 

This dissertation will describe work to address three important aspects of PSI. Chapter II 

will describe the development of a new mouse model of PSI-TSS to better mimic human uterine 

disease. In addition, this chapter explores an opportunity for the repurposing of neutralizing C. 

difficile toxin antibodies, and identifies PA41 as a potential drug candidate for addressing human 

PSI. Chapter III will elucidate the impact of NanS, a P. sordellii sialidase, on disease 

pathogenesis. Chapter IV will provide a summary and outline of next steps designed to advance 

the field in the study of P. sordellii infection-associated toxic shock syndrome. 
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CHAPTER II 

 

PAENICLOSTRIDIUM SORDELLII UTERINE INFECTION IS DEPENDENT ON THE 

ESTROUS CYCLE 
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2.1 Abstract 

Human infections caused by the toxin-producing, anaerobic and spore-forming bacterium 

Paeniclostridium sordellii are associated with a treatment-refractory toxic shock syndrome (TSS). 

Reproductive-age women are at increased risk for P. sordellii infection (PSI) because this 

organism can cause intrauterine infection following childbirth, stillbirth, or abortion. PSI-induced 

TSS in this setting is nearly 100% fatal, and there are no effective treatments.  TcsL, or lethal 

toxin, is the primary virulence factor in PSI and shares 76% sequence identity with Clostridioides 

difficile toxin B (TcdB). We therefore reasoned that a neutralizing monoclonal antibody (mAB) 

against TcdB might also provide protection against TcsL and PSI. We characterized two anti-

TcdB mABs: PA41, which binds and prevents translocation of the TcdB glucosyltransferase 

domain into the cell, and CDB1, a biosimilar of bezlotoxumab, which prevents TcdB binding to a 

cell surface receptor. Both mABs could neutralize the cytotoxic activity of recombinant TcsL on 

Vero cells. To determine the efficacy of PA41 and CDB1 in vivo, we developed a transcervical 

inoculation method for modeling uterine PSI in mice. In the process, we discovered that the stage 

of the mouse reproductive cycle was a key variable in establishing symptoms of disease.  By 

synchronizing the mice in diestrus with progesterone prior to transcervical inoculation with TcsL 

or vegetative P. sordellii, we observed highly reproducible intoxication and infection dynamics. 

PA41 showed efficacy in protecting against toxin in our transcervical in vivo model, but CDB1 did 

not. Furthermore, PA41 could provide protection following P. sordellii bacterial and spore 

infections, suggesting a path for further optimization and clinical translation in the effort to advance 

treatment options for PSI.   
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2.2 Introduction 

Human infections caused by the toxin-producing, anaerobic and spore-forming bacterium 

Paeniclostridium sordellii are associated with a treatment-refractory toxic shock syndrome (TSS) 

and are typically lethal [4]. Reproductive-age women are at increased risk for P. sordellii infection 

(PSI) because this organism can cause intrauterine infection following childbirth or abortion [4]. 

Clinical indications of disease include a marked leukemoid reaction, i.e., a vast increase in white 

blood cells, increased vascular permeability, hemoconcentration, and, in most cases, the absence 

of a fever [4]. When women present with PSI-TSS, very little is known on how to treat the patient 

[4]. In most cases, a hysterectomy is performed along with definitive antibiotic therapy. However, 

even if antibiotics are successful in killing the bacteria, there are bacterial toxins that can continue 

circulating the body to cause disease. 

P. sordellii secretes two cytotoxins that are similar in structure and function to toxins 

generated by the pathogen Clostridioides difficile: lethal toxin (TcsL), similar to C. difficile TcdB, 

sharing 76% sequence identity, and hemorrhagic toxin (TcsH), similar to C. difficile TcdA, sharing 

78% sequence identity. Both TcsL and TcsH, like the C. difficile toxins, are glucosyltransferases 

that inactivate host GTPases. Some TcsL-positive isolates lack the gene encoding TcsH and are 

rapidly lethal in an animal model, indicating that TcsH is not essential for virulence [24]. 

Genetically derived TcsL-mutant strains were nonlethal in a mouse infection model giving 

evidence that TcsL is an essential virulence factor responsible for disease in PSI [25]. Neutralizing 

the cytopathic effect of TcsL might protect humans against toxic shock caused by TcsL-

expressing P. sordellii.  

Two anti-TcdB monoclonal antibodies, PA41 and CDB1, have been characterized and 

shown to neutralize TcdB in cell culture and animal models [58–60]. PA41 binds the 

glucosyltransferase domain (GTD) of TcdB, inhibiting the delivery of the enzymatic cargo into the 

host cell [58]. CDB1, a mAB whose Fab sequence is identical to that of Bezlotoxumab, neutralizes 

TcdB by blocking binding of TcdB to mammalian cells [60]. Given the high levels of sequence 
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identity between TcsL and TcdB, we wondered if these anti-TcdB antibodies would also neutralize 

TcsL, and if so, if they would provide protection in an animal model of infection.  We were 

particularly interested in the potential of CDB1, as the mAB Bezlotoxumab is an FDA approved 

therapeutic for the prevention of CDI recurrence [61]. To have a clinically available mAB that also 

targets TcsL, the key virulence factor in PSI, could represent a significant tool in the limited 

therapeutic arsenal when faced with human PSI.  

Developing effective interventions against PSI (and TSS) is stymied by a lack of animal 

models and an incomplete understanding of how P. sordellii induces disease. Some investigators 

have used intraperitoneal injection of toxin [17,26], but this model is not optimal in terms of 

physiological relevance. To increase relevancy, a uterine mouse model was established to study 

PSI-associated TSS [39]. This intrauterine infection involves survival surgery to allow for ligation 

at the cervical junction and direct introduction of bacteria into the uterine lumen [39]. This model, 

however, provides additional pain and stress to the animals and increases the risk of infecting the 

blood stream directly. To address this problem, we developed an innovative mouse model system 

in which to study PSI using a transcervical (TC) inoculation method. Such a model allows for a 

non-surgical transfer of inoculum through the vaginal orifice, past the cervix, and directly into the 

uterus. This method eliminates the need for intensive survival surgery and produces a disease 

that more closely represents the nature of PSI in postnatal and post-abortive women. 

 

2.3 Methods 

2.3.1 Ethics statement 

This study was approved by the Institutional Animal Care and Use Committee (IACUC) at 

Vanderbilt University Medical Center (VUMC) and performed using protocol M1700185-01. Our 

laboratory animal facility is AAALAC-accredited and adheres to guidelines described in the Guide 

for the Care and Use of Laboratory Animals. The health of the mice was monitored daily, and 

severely moribund animals were humanely euthanized by CO2 inhalation. 
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2.3.2 Recombinant P. sordellii toxin purification 

TcsL was amplified from P. sordellii strain JGS6382 and inserted into a BMEG20 vector 

(MobiTec) using BsrGI/KpnI restriction digestion sites in the vector, as reported previously [18]. 

Plasmids encoding His-tagged TcsL (pBL552) were transformed into Bacillus megaterium 

according to the manufacturer’s protocol (MoBiTec). Six liters of LB medium supplemented with 

10 mg/liter tetracycline was inoculated with an overnight culture to an optical density at 600 nm 

(OD600) of ∼0.1. Cells were grown at 37°C and 220 rpm. Expression was induced with 5 g/liter 

of d-xylose once cells reached an OD600 of 0.3 to 0.5. After 4 h, the cells were centrifuged and 

resuspended in 20 mM HEPES (pH 8.0), 500 mM NaCl, and protease inhibitors. An EmulsiFlex 

C3 microfluidizer (Avestin) was used to generate lysates. Lysates were then centrifuged at 40,000 

× g for 20 min. Supernatant containing toxin was run over a Ni-affinity column. Further purification 

was performed using anion-exchange chromatography (HiTrap Q HP, GE Healthcare) and gel 

filtration chromatography in 20 mM HEPES (pH 6.9), 50 mM NaCl. 

 

2.3.3 Monoclonal antibodies 

PA41 and PA50 were supplied by AstraZeneca (previously MedImmune). CDB1 DNA 

constructs for the light chain and heavy chain equivalents of Bezlotoxumab were synthesized and 

cloned into custom plasmids encoding the heavy chain IgG1 constant region and the 

corresponding kappa light chain region (pTwist 314 CMV BetaGlobin WPRE Neo vector, Twist 

Bioscience). The antibodies were transiently expressed in Expi-293F mammalian cells with PEI 

transfection reagent. Cells were cultured in FreeStyle F17 expression Medium supplemented with 

10% PluronicTM F-68 and 10% GlutaMAXTM until expression was terminated 5-7 days post-

transfection. The mAB was isolated by protein A affinity (HiTrap Protein A HP, 17-0403-01, GE 

Healthcare) according to the manufacturer's instructions. All mAB administrations were given via 

IP.  
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2.3.4 Vero cell culture and viability assays 

Vero cells were maintained in DMEM supplemented with 10% fetal bovine serum and 

cultured at 37°C with 5% CO2. Cells were seeded into 96-well plates at 1,500 cells per well and 

allowed to grow overnight. For intoxication, toxin and mABs were diluted in DMEM/FBS and 

incubated together for 1hr at 37°C. Toxin/mAB mix was incubated on the cells for 72hr at the 

concentrations indicated and viability was measured using the CellTiter-Glo luminescent cell 

viability assay (catalog number G7573; Promega). Dose response curves were plotted and fit to 

a sigmoidal function (variable slope) to determine EC50 using Prism software (GraphPad Prism 

Software). 

 

2.3.5 P. sordellii vegetative and spore preparation 

P. sordellii strain ATCC 9714 was obtained from David Aronoff and cultured at 37°C in an 

anaerobic chamber (90% nitrogen, 5% hydrogen, 5% carbon dioxide). For vegetative bacteria, a 

single colony was picked to inoculate Reinforce Clostridial Medium (RCM) [BD, 21081], followed 

by incubation overnight. A 10 mL RCM subculture (OD600 = 0.05) was prepared and allowed to 

grow for 2-3h. The OD600 was measured and CFUs were determined from a previous growth 

curve. The culture was centrifuged and washed three times with PBS to remove any secreted 

toxins. The bacterial pellet was resuspended in desired CFUs/mL. For spore preparation, a single 

colony was picked to inoculate 10 mL RCM culture, followed by incubation overnight at 37°C. The 

next day, 2 mL of that culture was inoculated into 2 mL Columbia broth for overnight growth at 

37°C. The next day, 4mL of that culture was inoculated into 40 mL of Clospore medium, followed 

by growth for 7 days. The culture was centrifuged and washed three times in cold sterile water. 

Spores were suspended in 1 ml of sterile water and heat treated at 65°C for 20 min to eliminate 

vegetative cells. Viable spores were enumerated by CFU on RCM plates. Spore stocks were 

stored at 4°C until use.  
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2.3.6 Animals and housing 

All mouse experiments were approved by the Vanderbilt IACUC. C57BL/6J mice (all 

females, age 9 to 12 weeks) were purchased from Jackson Laboratories and were housed five to 

a cage in a pathogen-free room with clean bedding and free access to food and water. Mice had 

12h cycles of light and dark. 

 

2.3.7 Virulence studies 

For intraperitoneal intoxications and infections, mice were anesthetized and 

intraperitoneally (IP) injected with recombinantly purified TcsL or vegetative P. sordellii bacteria 

alone or in the presence of mAB. For transcervical instillation, mice were anesthetized, and a 

speculum was inserted into the vaginal cavity to allow for dilation and passage of a flexible gel-

loading pipette tip through the cervix and transfer of recombinant protein, vegetative bacteria, or 

spores directly into the uterus. Following instillation, a cotton plug applicator was inserted into the 

vagina, and a cotton plug was expelled from the applicator and into the vaginal cavity using a 

blunt needle. Mice were monitored daily for morbidity and signs of sickness. Mice were humanely 

euthanized by CO2 inhalation when moribund or at end of study. In some cases, the uterus was 

harvested, fixed, paraffin-embedded, and processed for histology. 

 

2.3.8 Hormone administration and estrous cycle staging 

Mice were subcutaneously injected with water soluble beta-estradiol (0.5 mg/mouse, 

Sigma Aldrich) two days prior to infection to prolong estrus, or medroxyprogesterone acetate (2 

mg/mouse, Amphastar Pharmaceuticals) five days prior to infection to synchronize in diestrus. 

Immediately prior to infection, the estrous stages of the animals were confirmed via vaginal 

lavage. To accomplish this, the vagina was washed with 20 uL saline using a 20 uL micropipette. 

Wet smears were examined under 40x objective and the stage of the estrous cycle determined 

based on cytology [19]. 
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2.3.9 Statistical analysis 

Statistical testing and graphical representations of the data were performed using 

Graphpad Prism (Statistical significance was set at a P ≤ 0.05 for all analyses (*, P ≤ 0.05; **, 

P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001). The Log-rank (Mantel-Cox) multiple comparison test 

was used for survival curve comparisons. The Gehan-Breslow-Wilcoxon test that gives more 

weight for earlier timepoints, was used for Fig 6E survival curve comparison. The Mann-Whitney-

Wilcoxon rank sum (Mann-Whitney) test was used to compare two groups, or the Kruskal-Wallis 

test was used to calculate significance using Dunn’s test when two groups were compared within 

multiple comparisons. 

 

2.4 Results 

2.4.1 Neutralization of recombinant TcsL by monoclonal antibodies, PA41 and CDB1, in 

vitro. 

To assess the effects of anti-TcdB antibodies PA41 and CDB1 on TcsL in vitro, cell 

neutralization assays were performed. First, Vero cells were treated with serial dilutions of TcsL 

in the presence and absence of 100 nM concentrations of the mABs for 72 hours and then 

assayed for ATP levels as an indicator of viability (Figure 2-1 A). In panel B of Fig 1, we display 

the same data as a bar graph, indicating the concentrations of TcsL where we see a statistically 

significant difference. At 100 fM TcsL, PA41, but not CDB1, provided a statistically significant 

improvement in viability, although TcsL is not very toxic at this concentration. The cells, however, 

were very sensitive to 1 pM TcsL, and PA41 was able to completely neutralize the cytotoxic 

activity of the toxin. CDB1, also, was able to show statistically significant neutralization at this 

TcsL concentration, though to a lesser extent than PA41. Vero cells were not viable following 

intoxication with 10 pM and 100 pM TcsL alone. In the presence of PA41, cells were completely 

or partially viable when intoxicated with 10 pM or 100 pM TcsL, respectively. CDB1 was not able 

to protect at 10 pM or 100pM TcsL. Altogether, both antibodies neutralized the cytotoxicity of TcsL 
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on Vero cells, though PA41 appeared more effective than CDB1 in all conditions. We also 

performed a dose titration of both antibodies at a cytotoxic dose of TcsL (1 pM) to get an 

understanding of their relative potencies (Figure 2-1 C-D). Strong neutralization of TcsL was 

observed with 100 pM PA41. Following a titration of CDB1, we report a sharp reduction of antibody 

potency below 100 nM. 

 
 

 
 
Figure 2-1. Neutralization of TcsL cytotoxicity by C. difficile monoclonal antibodies, PA41 
and CDB1, in vitro. (A-B) Vero cells were treated with serial dilutions of TcsL alone or in the 
presence of 100 nM PA41 or CDB1. ATP was measured as a readout of viability and normalized 
to signal from untreated cells. Dunnett’s test for multiple comparisons was used with statistical 
significance set at a p value of <0.05, where **** represents p <0.0001. (C-D) Vero cells were 
treated with a serial dilution of PA41 or CDB1 in the presence of 1 pM TcsL (IC50 = 20 pM and 
~41 nM, respectively). The baseline for 1 pM TcsL cytotoxicity is indicated by the dotted line.  
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2.4.2 PA41 and CDB1 neutralization of recombinant TcsL, in vivo, following 

intraperitoneal injection. 

To assess the effects of PA41 and CDB1 on TcsL in vivo, it was first necessary to 

determine the lowest lethal intraperitoneal dose of TcsL. Female, 9- 12-week-old, C57BL/6J mice 

were IP injected with 1 ng and 2.5 ng TcsL in 100 uL PBS (Figure 2-2 A). In this study, 2.5 ng 

TcsL was the lowest lethal dose administered, with all animals succumbing to intoxication prior to 

24 hours post administration. Consistent with previous findings [26], all mice intoxicated with this 

amount and higher of TcsL had a buildup of fluid in the thoracic and peritoneal cavities 

(Supplementary Figure 2-1). Mice intoxicated with 1 ng TcsL survived the study and showed no 

signs of disease.  

Next, we wanted to perform a survival study with 2.5 ng TcsL IP alone or in the presence 

of PA41 or CDB1 (Figure 2-2 B). Following our in vitro assays, we determined a 10,000-fold 

excess (0.75mg/kg) of antibody to lethal TcsL (2.5ng) would be a reasonable dose to use in our 

in vivo IP intoxications. We found that PA41 was able to effectively neutralize TcsL, and all the 

animals survived the study with no signs of disease. CDB1 was not able to completely neutralize 

TcsL when given at 0.75 mg/kg, resulting in a survival of 66%. This result led us to increase the 

antibody dose ten-fold to 7.5 mg/kg to be used for all in vivo studies moving forward to give both 

antibodies the best opportunity for neutralization. To better understand how long the antibody 

circulates in the bloodstream following a single administration of PA41, we performed a three-day 

study where on Day 0, three animals were administered 7.5 mg/kg PA41. On days 1, 2, and 3, an 

animal was euthanized and the whole blood was collected. From western blot analysis of the 

serum using an anti-human Fab antibody, we could consistently observe PA41 in serum each day 

for up to three days without showing signs of depletion (Supplementary Figure 2-2).  

From these in vivo studies, both C. difficile monoclonal antibodies were able to neutralize 

2.5 ng TcsL following IP injection, with PA41 appearing more effective than CDB1. In addition, 

antibody administration protected mice from TcsL-induced pleural effusion. 
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2.4.3 In vivo neutralization of P. sordellii vegetative bacteria following intraperitoneal 

injection. 

Our next steps were to infect mice with P. sordellii vegetative bacteria and assess whether 

PA41 and CDB1 offered protection. We chose to infect with a highly virulent P. sordellii reference 

strain, ATCC 9714, that lacks the gene for TcsH.  Intraperitoneal injections of 106, 107, 108 CFUs 

vegetative bacteria were administered to determine the number of bacteria to use in neutralization 

studies (Figure 2-2 C). We found that injection of 107 CFUs resulted in a survival curve that was 

penetrant with 11 of the 12 infected mice dying over the course of 60 hours.  Injection of 108 CFUs 

resulted in death by 12hr, a time we predicted to be too short to allow for mAB neutralization. A 

lower bacterial count of 106 CFUs, resulted in only 50% survival, but with only two animals tested.  

Next, we tested antibody neutralization of 107 CFUs P. sordellii vegetative bacteria. Since 

PA41 showed the most efficacy in TcsL neutralization in vitro and in vivo, these studies were done 

with PA41 (7.5 mg/kg). It is plausible that by using vegetative bacteria, TcsL is already being 

produced and may overwhelm the antibody when administered at the same time. To reduce this 

possibility, antibody was administered by IP injection 18 hr prior to IP injection of both vegetative 

bacteria and a second dose of antibody. PA50, a monoclonal antibody against C. difficile TcdA, 

was used as a negative control [62]. In this experiment, the PA41-treated mice had a marginally 

higher survival rate when compared to control-treated mice (Figure 2-2 D). This result, though, 

was not found to be statistically significant. 
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Figure 2-2. PA41 and CDB1 neutralization of rTcsL and P. sordellii vegetative bacteria, in 
vivo, following intraperitoneal injection. (A) Mouse survival curve following IP injection of 1 ng 
and 2.5 ng TcsL. (B) Mouse survival curve following IP intoxication of 2.5 ng TcsL alone or in the 
presence of PA41 (0.75 mg/kg) or CDB1 (0.75 mg/kg). (C) Mouse survival curve following IP 
infections of 106, 107, 108 CFUs of vegetative P. sordellii strain ATCC 9714. (D) Mouse survival 
curve following 7.5 mg/kg PA41 or PA50 (control antibody) administered 18h prior to co-IP 
instillation of 7.5 mg/kg antibody and 1x107 CFUs of ATCC 9714 vegetative bacteria. Log-rank 
(Mantel-Cox) multiple comparison test was used with statistical significance set at a p value of 
<0.05. 
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2.4.4 Transcervical instillation of recombinant TcsL or vegetative P. sordellii to study 

uterine PSI. 

Having observed some efficacy with the antibodies using the IP models, we next wanted 

to test their effectiveness in a more physiologically relevant animal model. We developed an 

innovative mouse model system in which to study PSI using a transcervical (TC) inoculation 

method. The model allows for a non-surgical transfer of inoculum through the vaginal orifice, past 

the cervix, and directly into the uterus (Figure 2-3 A). For TC instillation, a speculum was inserted 

into the vaginal cavity to allow for dilation and passage of a gel loading pipette tip through the 

cervix and transfer of inoculum directly into the lumen of the uterine horn. This method enabled 

the simple instillation of vegetative bacteria, spores, or recombinant protein into the uterus. 

Following instillation, a cotton plug applicator was inserted into the vagina, and the cotton plug 

was expelled from the applicator and into the vaginal cavity using a blunt needle. This cotton plug 

was used as an absorptive material to keep inoculum in the reproductive tract and to minimize 

any leakage into the environment.  

While 2.5 ng TcsL IP injections resulted in death before 24 hours post-intoxication (Figure 

2-2 A), the TC instillation of 5, 25, or 50 ng TcsL did not result in any signs of disease or death 

(Figure 2-3 B). This suggested that TcsL alone is not cytotoxic to the epithelium of the 

reproductive tract, but perhaps requires assistance from other P. sordellii virulence factors. To 

test this hypothesis, TC inoculations of P. sordellii strain ATCC 9714 vegetative bacteria were 

performed. However, instillations of either 107 or 108 CFUs resulted in minimal death/signs of 

infection as compared to IP infection (Figure 2-3 C).   
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Figure 2-3. Transcervical instillation method of recombinant TcsL or vegetative P. sordellii. 
(A) Schematic depicting the murine transcervical instillation method. (B) Transcervical intoxication 
of 5, 25, 50 ng rTcsL and intraperitoneal intoxication of 2.5 ng rTcsL. (C) Transcervical infection 
of 107 and 108 CFUs and intraperitoneal infection of 107 CFUs of vegetative ATCC 9714 P. 
sordellii.  
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2.4.5 The murine reproductive cycle determines the pathogenic outcome of P. sordellii 

uterine intoxications and infections. 

We next tested whether manipulation of the host hormonal environment influences the 

murine susceptibility to TcsL intoxication and P. sordellii infection. For estrous cycle 

synchronization, medroxyprogesterone acetate was administered subcutaneously five days prior 

to intoxication/infection to prolong diestrus, and beta-estradiol was administered subcutaneously 

two days prior to intoxication/infection to prolong estrus. Immediately prior to instillation, we 

confirmed via vaginal lavage analysis that the mice were in the expected stage of the reproductive 

cycle. Animals were weighed and monitored daily for six to eight days (Figure 2-4 A). To begin, 

animals in diestrus or estrus were transcervically instilled with 50 ng TcsL. All animals in diestrus 

succumbed to intoxication by 24h (Figure 2-4 B). Conversely, all animal in estrus survived the 

study with no signs of disease or sickness. Diestrus animals were then subjected to 5, 10, 20, 50 

and 500 ng TcsL, and their resulting survival curves revealed increasing severity with each 

increase in dose. (Figure 2-4 C). Next, animals in diestrus or estrus were transcervically 

inoculated with 107 CFUs P. sordellii 9714 vegetative bacteria. A statistically significant difference 

was found between animal in diestrus compared to estrus, with animals in diestrus having a more 

adverse outcome to infection compared to animals in estrus (Figure 2-4 D). A bacterial titration 

of vegetative bacteria was administered TC to animals in diestrus and the resulting survival curves 

revealed 107,106, and 105 CFUs to be similar in terms of severity [~15 - 30% survival] and 104 

CFUs to be less severe [80% survival], followed by 102 CFUs which did not cause any detectable 

signs of sickness in the animals (Figure 2-4 E). From these experiments, we conclude that the 

mouse reproductive cycle can influence the pathogenic outcome of TcsL intoxications and uterine 

P. sordellii infections.  
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 Figure 2-4. Development of hormonal transcervical instillation method of recombinant 
TcsL or vegetative P. sordellii. (A) Timeline of hormonal synchronization of murine estrous 
cycles following subcutaneous administration of medroxyprogesterone acetate (Day -5) to induce 
diestrus or beta-estradiol (Day -2) to induce estrus. Transcervical Instillation of rTcsL or P. sordellii 
was performed on Day 0 and animals were weighed/monitored for six to eight days. (B) Survival 
curve of mice subcutaneously injected with medroxyprogesterone acetate or beta-estradiol 
followed by transcervical intoxication with 50 ng TcsL. (C) Survival curve of mice subcutaneously 
injected with medroxyprogesterone acetate followed by transcervical intoxication with 5, 10, 20, 
50, 500 ng TcsL. (D) Survival curve of mice subcutaneously injected with medroxyprogesterone 
acetate or beta-estradiol followed by transcervical infection with 107 CFUs vegetative P. sordellii 
ATCC9714. (E) Survival curve of mice subcutaneously injected with medroxyprogesterone 
acetate followed by transcervical infection with 102, 104, 105,106, 107 CFUs vegetative P. sordellii 
ATCC9714. Log-rank (Mantel-Cox) multiple comparison test was used with statistical significance 
set at a p value of <0.05. 
 

 

2.4.6 PA41 and CDB1 neutralization studies of TcsL, in vivo, following transcervical 

instillation of animals in diestrus. 

We next sought to determine the efficacy of PA41 and CDB1 in neutralization of TcsL 

intoxication in our hormone-inducing transcervical instillation model. All animals were 

administered medroxyprogesterone acetate five days prior to instillation to induce diestrus. For 

antibody administration, since we know TcsL is rapidly lethal (Figure 2-4 C), we wanted to have 

a higher amount of PA41 in the bloodstream prior to intoxication. We tested a single IP injection 

of 15 mg/kg PA41, however, and found that the animals had a more severe outcome to a 

vegetative bacterial IP infection (Supplementary Figure 2-3). This presumably is due to an 

immune reaction to a high amount of foreign material. Instead, to have a higher amount of 

antibody circulating in the bloodstream, we performed sequential antibody dosing on days -5, -3, 

and -1 of 7.5 mg/kg to allow time for the animals to acclimate to the antibody administrations. 

Then, on day 0, animals were intoxicated with 10 or 50 ng TcsL and weighed and monitored for 

seven days (Figure 2-5 A). PA41, and not CDB1, was able to neutralize the cytotoxic activity of 

10 ng TcsL (Figure 2-5 B). PA41 also showed efficacy in neutralizing up to 50 ng TcsL, and all 

animals survived the study (Figure 2-5 C). Uterine tissues were harvested upon euthanization 

and processed for histology. H&E-stained tissue (Supplementary Figure 2-4) was scored from 
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mild to severe in edema, acute inflammation, and epithelial injury by a pathologist blinded to the 

experimental conditions (Figure 2-5 D). Scores of moderate to severe were assigned to animals 

that had been transcervically instilled with 50 ng TcsL. When PA41 was administered to pre-treat 

50ng TcsL, scoring was reduced in all criteria. CDB1 administration did not improve the scoring 

in mice that had been treated with 10ng TcsL. Complete blood counts were performed on blood 

at time of death or at end of study. Total white blood cell (WBC) counts for 10 and 50ng TcsL 

showed no statistically significant difference compared to PA41, CDB1, and PBS treated mice 

(Figure 2-5 E). However, in a WBC differential analysis, 50 ng TcsL alone showed an increase in 

neutrophils (NE) and a decrease in lymphocytes (LY) when compared to PBS control animals 

(Figure 2-5 F). Additionally, hematocrit (HCT) levels, i.e., the proportion of red blood cells (RBCs) 

in the blood, was increased in animals instilled with 50 ng TcsL.  Animals administered PA41/TcsL 

(50 ng) had NE, LY and HCT levels similar to PBS control mice. WBC differential analysis of 

animals treated with 10ng TcsL in the presence or absence of CDB1 were found to be similar to 

PBS control mice (Figure 2-5 G). 
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Figure 2-5. Neutralization studies of monoclonal antibodies, PA41 and CDB1, following 
transcervical intoxication of rTcsL. (A) Timeline of neutralization studies: subcutaneous 
administration of medroxyprogesterone acetate on Day -5 to induce diestrus. Intraperitoneal 
injections of 7.5 mg/kg PA41, 7.5 mg/kg CDB1, or PBS on Days -5, -3, -1. Transcervical 
intoxication of rTcsL on Day 0. Animals weighed/monitored for seven days. (B) Survival curve of 
animals in diestrus treated with PA41 or CDB1 on days -5, -3, -1, and transcervically intoxicated 
with 10 ng TcsL on Day 0. (C) Survival curve of animals in diestrus treated with PA41, on days -
5, -3, -1, and transcervically intoxicated with 50 ng TcsL on Day 0. Log-rank (Mantel-Cox) multiple 
comparison test was used with statistical significance set at a p value of <0.05. (D) Histological 
scoring of edema, acute inflammation, and epithelial injury of uterine tissues at time of death or 
end of study from mice transcervically instilled with 50 ng TcsL in the presence or absence of 
PA41 and 10 ng TcsL in the presence of absence of CDB1. Mann-Whitney test was used with 
statistical significance set at a p value of <0.05. (E) White blood cells count following Complete 
Blood Counts. Neutrophil (NE), lymphocyte (LY) and hematocrit (HCT) blood cell percentages of 
(F) TcsL/PA41 and (G) TcsL/CDB1. Kruskal-Wallis multiple comparison test was used with 
statistical significance set at a p value of <0.05. 

 

 

2.4.7 Prophylactic administration of PA41 in treatment of transcervical P. sordellii 

infection.  

All animals were administered medroxyprogesterone acetate five days prior to instillation 

to induce diestrus. Animals were intraperitoneally injected with 7.5 mg/kg PA41 or PBS one day 

prior to TC infection of 105 CFUs vegetative P. sordellii (Figure 2-6 A). Although not statistically 

significant, we did see a delay in mouse death at 36 hours post infection with 80% survival of 

animals treated with PA41 compared to 40% survival of PBS-treated mice. At the end of study at 

96 hours, however, there was only a slight non-significant difference between PA41- and PBS- 

treated animals, with 40% and 30% overall survival, respectively (Figure 2-6 B). 

 

2.4.8 PA41 in treatment of transcervical P. sordellii spore infection.  

In addition to evaluating vegetative bacteria, we wanted to test if the TC instillation model 

would be responsive to P. sordellii spores.  Indeed, TC inoculation of 105 and 106 P. sordellii 9714 

CFU spores in diestrus mice was found to be lethal, with 105 CFU spores having a delayed onset 

of disease and animal mortality beginning after Day 6 (Figure 2-6 C). 
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Finally, we wanted to assess if PA41 could be used in the treatment of TC P. sordellii 9714 

spore infections. To test this, all animals were induced into diestrus five days prior to transcervical 

inoculation of 106 spores. One-, three-, and five-days following infection, animals were IP injected 

with 7.5 mg/kg PA41 or PBS. Animals were weighed daily and monitored for 7-10 days (Figure 

2-6 D).  We found that animals administered PA41 following PSI had higher survival rates 

compared to PBS treated mice (Figure 2-6 E). The differences fell short of statistical significance 

when using the log-rank (Mantel-Cox) multiple comparison test (p=0.06) but were significant when 

using the Gehan-Breslow-Wilcoxon test that gives more weight for earlier timepoints (0.04).  

These data support our overall conclusion that PA41 can reduce the impact of PSI in a mouse 

model of uterine infection.  
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Figure 2-6. Prophylactic and therapeutic administration of PA41 following transcervical P. 
sordellii vegetative bacterial or spore infection, respectively. (A) Timeline showing 
subcutaneous administration of medroxyprogesterone acetate on Day -5 to induce diestrus, 
intraperitoneal injection of 7.5 mg/kg PA41 or PBS on Day -1, and transcervical infection of 106 
vegetative P. sordellii bacteria on Day 0. Animals were weighed/monitored for four days. (B) 
Survival curve of diestrus animals prophylactically treated with PA41 or PBS and TC inoculated 
with 2x105 CFUs vegetative bacteria. (C) Survival curve following transcervical inoculation of 105 
and 106 spores in mice in diestrus. (D) Timeline showing subcutaneous administration of 
medroxyprogesterone acetate on Day -5 to induce diestrus, transcervical infection of 106 spores 
on Day 0 and intraperitoneal injection of 7.5 mg/kg of PA41 or PBS one-, three-, and five-days 
post-infection. Animals were weighed/monitored for 7-10 days. (E) Survival curve of diestrus 
animals treated with PA41 or PBS following TC inoculation of 106 spores. Gehan-Breslow-
Wilcoxon test was used with statistical significance set at a p value of <0.05. Gehan-Breslow-
Wilcoxon p=0.0424, Log-rank p=0.0624. 
 

 

2.5 Discussion 

Reproductive-age women are at increased risk for PSI because this organism can cause 

a nearly 100% fatal intrauterine infection following childbirth or abortion [4]. When women present 

with PSI-associated TSS, there is very little information on how to treat the patient [4]. Antibiotics 

can be used to treat the P. sordellii, but the toxins remain active. Antitoxin preparations against 

lethal toxin were shown to prevent cytotoxicity of culture supernatants of P. sordellii, as well as C. 

difficile, in cell culture, and lethality in mouse studies [17]. However, there is no commercially 

available antitoxin for treatment of human PSI. A therapeutic drug that targets TcsL, the key 

virulence factor in PSI, could significantly reduce mortality in these patients.  

In this study, we tested C. difficile anti-TcdB mABs, PA41 and CDB1, for their capacity to 

provide protection against TcsL. TcsL and TcdB share, not only a high level of sequence identity 

(~ 76% identity) and structural homology, but also similar mechanisms of intoxication. Antibody 

cross-reactivity was reported when TcsL was first purified and characterized, showing an antibody 

that neutralized TcsL was also able to recognize and bind TcdB [17]. This report is consistent with 

our finding that both anti-TcdB mABs significantly protected Vero cells from the cytotoxic activity 

of TcsL, though PA41 appeared to have better efficacy (Figure 2-1). 
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PA41 and Bezlotoxumab (which shares epitope binding sequences with CDB1) 

interactions with TcdB have been characterized and their epitopes and modes of neutralization 

are known [58–60].  PA41 binds the GTD and prevents the translocation of the enzymatic domain 

into the host cell [58]. Bezlotoxumab, on the other hand, functions to block TcdB binding to the 

CSPG4 host cell receptor [60,63]. Due to their high sequence identity, it is presumed that TcdB 

and TcsL have similar antibody epitopes. For example, the high sequence identity between TcdB 

and TcsL at the known TcdB/PA41 interface suggests a similar mechanism of antibody 

neutralization (Supplementary Figure 2-5). It is likely, that in the presence of PA41, TcsL is able 

to bind and enter the host cell, but the enzymatic domain is unable to be translocated into the 

cytosol and thereby unable to inactivate host GTPases. In the case of CDB1, it is perhaps 

unsurprising that this mAB was less effective than PA41 in TcsL neutralization, as the TcsL 

receptors in the SEMA6 family bind the TcsL delivery domain,  a distinct location from the CSPG4 

and Bezlotoxumab binding sites [28,64]. 

Nevertheless, we wanted to test both mABs for their neutralization efficacy against TcsL 

in vivo. Using a murine IP intoxication model, we observed that both PA41 and CDB1 were able 

to neutralize a lethal IP dose of TcsL (2.5 ng) and protect the animals from death (Figure 2-2 B). 

Similarly, PA41 increased mouse survival following IP injection of vegetative P. sordellii bacteria 

(Figure 2-2 D). 

To test PA41 and CDB1 neutralization of TcsL and P. sordellii in a more physiologically 

relevant animal model, we developed a transcervical inoculation method. The method allows for 

a non-surgical transfer of inoculum through the vaginal orifice, past the cervix, and directly into 

the uterus. By eliminating the surgical laparotomy method used in a prior model [39], we expected 

to minimize the risk of introducing an undesired infection and cut out a surgical recovery period. 

However, initially we found that TcsL was not able to cause disease when given transcervically 

(Figure 2-3 B), and vegetative P. sordellii infection resulted in minimal, inconsistent disease in 

the mice (Figure 2-3 C).  
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We tested if female sex hormones play a role in the pathogenesis of infection. We used 

estrogen and progesterone to induce prolonged stages of estrus (ovulation) and diestrus (sexual 

quiescence), respectively. Animals in diestrus were found to have a more adverse outcome 

following transcervical TcsL intoxications (Figure 2-4 B) and P. sordellii infections (Figure 2-4 D) 

compared to animals in estrus. Our data complement findings of other investigators who have 

reported that uterine ascending infections of Neisseria gonorrhoeae, Chlamydia trachomatis, and 

Herpes simplex virus type-2 in mice show profoundly different disease outcomes at different 

stages of the reproductive cycle [40,65,66]. For example, in the case of Neisseria gonorrhoeae, 

under the influence of progesterone, significant epithelial remodeling allows gonococcal entry into 

the underlying stroma [40]. We speculate that the epithelial remodeling associated with diestrus 

is allowing TcsL to access endothelial cells and the blood stream. In addition, it is known that in 

estrus there is an increased production of mucus in the uterus. Presumably, this could give the 

animals a layer of protection preventing toxin from reaching the epithelium of the uterus. It is also 

possible that other factors, such as P sordellii toxin receptors may be differentially expressed 

under differing hormone treatments. Additional studies are needed to understand how different 

hormonal environments impact P. sordellii pathogenesis in the genital tract.  

Having established a hormone-dependent transcervical inoculation method, we again 

tested PA41 and CDB1 for their capacity to neutralize TcsL toxicity. In this model, we found that 

PA41 was able to protect mice from TcsL lethality but CDB1 was not (Figure 2-5 B-C). Although 

it would have been exciting to see protection in CDB1-treated mice, given the clinical availability 

of the related Zinplava mAB, it is reasonable that the differences between TcsL and TcdB receptor 

specificity account for this lack of efficacy. 

We further analyzed the uterine tissues from PA41-treated mice that were intoxicated with 

TcsL and found reduced levels of edema, inflammation, and epithelial damage when compared 

to PBS-treated TcsL intoxicated mice (Figure 2-5 D). A characteristic of PSI is the onset of a 

leukemoid reaction (LR), i.e., a significant increase in white blood cells. We did not observe a 
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significant difference in white blood cell numbers between TcsL and PBS instilled mice, 

suggesting that TcsL alone is not responsible for the LR (Figure 2-5 E). In TcsL instilled mice, 

compared to PBS-control mice, we did, however, observe a shift in WBC differential counts where 

lymphocytes (LY) were decreased, and neutrophils (NE) were increased (Figure 2-5 F). We also 

observed an accumulation of fluid in the thoracic cavity of these mice suggesting an increased 

permeability of the vascular system.  This increased permeability could account for the increased 

hematocrit (HCT) found in animals instilled with TcsL, where the blood becomes concentrated 

with RBCs (Figure 2-5 F). Animals administered PA41/TcsL had NE, LY and HCT levels similar 

to those of PBS control mice (Figure 2-5 F).  

We were curious to move forward with PA41 to determine its efficacy against vegetative 

P. sordellii. We began with prophylactic administration 24 hr prior to transcervical infection. 

Although the resulting survival curve was not statistically significant, there does appear to be a 

delay in mortality in animals treated with PA41 compared to PBS at approximately 36 hrs post 

infection (Figure 2-6 B). At this timepoint, PA41 neutralization appeared to be occurring but this 

was rapidly followed by survival decline. With only a single mAB administration, it is possible that 

PA41 is capable of neutralization at a 36 hr timepoint but is being depleted and can’t keep up with 

additional bacterial production of TcsL. Perhaps additional administrations of PA41 and/or 

incorporation of antibiotic therapy to deplete bacterial reproduction would demonstrate further 

efficacy of PA41. In addition, the organism produces several additional virulence factors, e.g. a 

sialidase and phospholipase C that play unknown roles in PSI. These are ideas we plan to explore 

in future studies.  

Lastly, we show that P. sordellii spores can germinate and cause disease when given 

transcervically to mice in diestrus (Figure 2-6 C) and that PA41 treatment can lead to increased 

survival relative to PBS-treated mice (Figure 2-6 E).  There are several variables and questions 

for follow-up study.  For example, what are the germinant and environmental conditions within the 

host that affect the efficiency of spore germination and is this influenced by the reproductive cycle 



 35 

of the mice?  Would the level of protection improve if using a mouse-derived mAB or the addition 

of antibiotics?  We hope that the availability of this relatively easy uterine infection model will 

provide a system to address these fundamental questions and facilitate the work needed to 

advance candidate therapeutics for addressing human PSI.  
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2.7 Appendix 

 

 

 

 
 
Supplementary Figure 2-1. Mice intoxicated with TcsL had a buildup of fluid in the thoracic 
and peritoneal cavities. Pleural effusion collected at time of euthanasia of two moribund mice 
following IP intoxication of 2.5 ng TcsL. Following PA41 administration, mice were protected from 
TcsL-induced pleural effusion. 
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Supplementary Figure 2-2. PA41 is present in blood serum of animals following 
intraperitoneal administration. Western blot analysis of PA41 in mouse serum using an anti-
human Fab antibody on 1, 2, and 3 day/s post IP injection of 7.5 mg/kg mAB. Control PA41 was 
included on the blot for comparison. 
 
 

 

Supplementary Figure 2-3. Dosing with higher concentrations of PA41 does not improve 
the survival outcome for mice infected IP with vegetative P. sordellii. Mouse survival curve 
following IP infection of vegetative P. sordellii bacteria (<107 CFUs) alone or in the presence of 
15 mg/kg PA41. 
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Supplementary Figure 2-4. H&E staining for uterine histology following transcervical 
instillation. (A) Schematic depicting the mouse uterus. 10x brightfield images of H&E staining of 
mouse uterine horn tissue following transcervical instillation of PBS (B), 50 ng TcsL (C), 50 ng 
TcsL / PA41 (D), 10 ng TcsL (E), or 10 ng TcsL / CDB1 (F). 
 

A B

C D

E F
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Supplementary Figure 2-5. The high sequence identity between TcdB and TcsL at the 
known TcdB/PA41 interface suggest a similar mechanism of antibody neutralization. 
Sequence alignment of TcdB-GTD and TcsL-GTD subdomains containing the TcdB/PA41 
epitope. Conserved residues are highlighted in red, with PA41 epitope residues denoted by 
asterisks. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Toxin Sequence (GTD residues 290-360)               

                                ****              **  *  ** **        
TcdB (VPI 10463) LPGIQPDLFESIEKPSSVTVDFWEMTKLEAIMKYKEYIPEYTSEHFDMLDEEVQSSFESVLASKSDKSEIF 
TcsL (ATCC 9714) LPGIQPDLFKSINKPDSITNTSWEMIKLEAIMKYKEYIPGYTSKNFDMLDEEVQRSFESALSSKSDKSEIF 
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  CHAPTER III 

 

P. SORDELLII NANS WORKS SYNERGISTICALLY WITH TCSL TO INCREASE 
CYTOTOXICITY AND THE SEVERITY OF P. SORDELLII PATHOGENESIS IN THE MURINE 

UTERUS 
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3.1 Abstract 

Paeniclostridium sordellii, a pathogen capable of causing lethal uterine infections post-

partum or post-abortion, produces a variety of virulence factors responsible for disease. Lethal 

toxin, TcsL, alone has been found to be essential for lethal P. sordellii infections (PSI), but the 

physiological role of NanS, a sialidase, remains elusive. Bacterial sialidases are known to have 

roles in biofilm development, bacterial adherence, and in increasing cytotoxicity of individual 

toxins. A previous report has suggested NanS can work synergistically with an additional, 

unknown P. sordellii toxin to increase the severity of PSI. In this report, we determined the crystal 

structure of NanS and created several point mutations within the catalytic site of the enzyme. We 

show in vitro that NanS works in a synergistic manner with TcsL to increase cytotoxicity and cell 

rounding of tissue culture cells. Using a PSI hormone-inducible transcervical instillation mouse 

model, we show that the co-presence of purified NanS resulted in significant TcsL-induced 

lethality in diestrus mice. Additionally, in estrus mice where mucus production is increased, the 

co-presence of NanS and TcsL significantly increased uterine histologic damage compared to 

challenge with TcsL alone. This suggests that NanS enhancement of TcsL-induced uterine 

epithelial injury may potentiate TcsL access to the tissue when mucus is present. Overall, we 

have shown NanS to work synergistically with TcsL to exacerbate P. sordellii-mediated disease. 

 

 

 

 

 

 

 

 

 



 41 

3.2 Introduction 

Paeniclostridium sordellii is a human pathogen capable of causing lethal intrauterine 

infections following childbirth or abortion. P. sordellii produces two major exotoxins, TcsL and 

TcsH, as well as additional virulence factors, such as a phospholipase, a hemolysin/cytolysin, and 

a sialidase, NanS. Only TcsL has been found to be essential for lethal P. sordellii infections (PSI) 

[25]. Few studies, however, have been done to show how these other virulence factors participate 

in pathogenesis.  

Bacterial sialidases, responsible for cleaving terminal sialic acids from host glycoproteins 

and glycolipids are found to have roles in biofilm development [54], bacterial adherence [55], and 

in increasing cytotoxicity of individual toxins [49,55–57,67]. In the case of NanS, it has been 

reported to increase the proliferation of HL-60 cells in vitro, suggesting that it may play a role in 

the characteristic leukemoid reaction (LR) in PSI [34]. However, a subsequent study infected 

animals with a nanS-mutant P. sordellii knockout that still developed a LR, suggesting other 

virulence factors were responsible for the P. sordellii-associated LR [35]. Additionally, NanS has 

been shown to work synergistically with an unidentified toxin to increase the cytotoxicity of P. 

sordellii [36]. Of note, the nanS gene is present in all P. sordellii isolates [31], suggesting that it 

may play an important accessory role in PSI. 

Features of sialidase active sites are largely conserved having a glutamic acid–tyrosine 

nucleophilic charge relay, an aspartic acid acid/base, and the arginine triad [53]. NanS 

predominantly cleaves sialyl α2-3 linkages over sialyl α2-6 and α2-8 linkages and preferentially 

cleaves N-acetylneuraminic acid (sialic acid) residues rather than N-glycolylneuraminic acid 

residues [33]. In addition to recognition of sialyl linkages, sialidase cleavage is determined by 

recognition of the carbohydrate structures underlying the sialic acids as well as the overall 

structure of the glycoprotein or glycolipid [68].  

The luminal surface of the uterine epithelium is lined with a carbohydrate-rich layer known 

as the glycocalyx. Many of the glycoproteins of the glycocalyx network are capped with sialic 
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acids [51], providing an overall negative charge to the mammalian cell surface and creating 

electrostatic repulsion [69]. These terminal sialic acids also contribute to the overall structure of 

the glycocalyx, and, as shown by sialidase disruption, are key regulators of micro-vessel 

permeability [70]. Slight modifications in glycosylation patterns to the cell surface carbohydrates 

can lead to drastic changes in cellular behavior [68]. In the case of C. perfringens, sialidase 

removal of surface sialic acids was suggested to reduce the electrostatic repulsion, facilitating the 

binding of toxins to their receptors [69]. 

Lining the top of the glycocalyx is a layer of mucus largely consisting of the 

sialoglycoproteins: mucins and immunoglobulins. Mucus and glycocalyx layers are the first and 

principal barriers protecting the underlying epithelium from pathogenic invasion. Bacterial 

sialidases, however, can participate in mucus degradation and immunoglobulin hydrolysis, 

ultimately leading to increased susceptibility to uterine infections [47,48]. In this study, we sought 

to elucidate the physiological role of NanS in P. sordellii pathogenesis using both in vitro and in 

vivo techniques.  

 

3.3 Methods  

3.3.1 Ethics statement 

This study was approved by the Institutional Animal Care and Use Committee (IACUC) at 

Vanderbilt University Medical Center (VUMC) and performed using protocol M1700185-01. Our 

laboratory animal facility is AAALAC-accredited and adheres to guidelines described in the Guide 

for the Care and Use of Laboratory Animals. The health of the mice was monitored daily, and 

severely moribund animals were humanely euthanized by CO2 inhalation.  

 

3.3.2 Recombinant P. sordellii toxin purification 

The nanS gene sequence was synthesized by GenScript and inserted into a pET-47b (+) 

vector under the T7 promoter using XmaI/XhoI restriction sites. Point mutations were introduced 
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into the wild-type recombinant NanS sequence (pBL 974) using a QuikChange Site-Directed 

Mutagenesis protocol. Construct names and primers used are found in the supplement (S1 table) 

 The plasmids were transformed into BL21Star E. coli, and two liters of LB medium 

(supplemented with 50 mg/liter kanamycin and 1% glucose) were inoculated with an overnight 

culture to an optical density at 600 nm (OD600) of ∼0.1. Cells were grown at 37°C and 220 rpm. 

Expression was induced with 0.5 mM IPTG once cells reached an OD600 of 0.5 to 0.6. After 4 h, 

the cells were centrifuged and resuspended in 20 mM HEPES (pH 8.0), 300 mM NaCl, and 

protease inhibitors. An EmulsiFlex C3 microfluidizer (Avestin) was used to generate lysates. 

Lysates were then centrifuged at 40,000 × g for 20 min. Supernatant containing NanS was run 

over a Ni-affinity column. The eluted protein fraction was dialyzed in 20 mM HEPES (pH 6.9), 100 

mM NaCl. 

TcsL was amplified from P. sordellii strain JGS6382 and inserted into a BMEG20 vector 

(MobiTec) using BsrGI/KpnI restriction digestion sites in the vector, as reported previously [18]. 

Plasmids encoding His-tagged TcsL (pBL552) were transformed into Bacillus megaterium 

according to the manufacturer’s protocol (MoBiTec). Six liters of LB medium supplemented with 

10 mg/liter tetracycline were inoculated with an overnight culture to an OD600 of ∼0.1. Cells were 

grown at 37°C and 220 rpm. Expression was induced with 5 g/liter of d-xylose once cells reached 

an OD600 of 0.3 to 0.5. After 4 h, the cells were centrifuged and resuspended in 20 mM HEPES 

(pH 8.0), 500 mM NaCl, and protease inhibitors. An EmulsiFlex C3 microfluidizer (Avestin) was 

used to generate lysates. Lysates were then centrifuged at 40,000 × g for 20 min. Supernatant 

containing toxin was run over a Ni-affinity column. Further purification was performed using anion-

exchange chromatography (HiTrap Q HP, GE Healthcare) and gel filtration chromatography in 

20 mM HEPES (pH 6.9), 50 mM NaCl. 
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3.3.3 Sialidase activity assays 

For each sialidase activity assay, 20 μL of recombinant WT NanS or NanS mutants was 

added to 60 μL of 100 mM sodium acetate buffer (pH 5.5) in a 96-well flat bottom plate. Then 20 

μL of 4 mM 5-Bromo-4-chloro-3-indolyl α-D-N-acetylneuraminic acid (Sigma) was added, and the 

plate was incubated at 37°C. The absorbance at 620 nm was measured using a BioTek Cytation5 

plate reader.  

 

3.3.4 X-ray Crystallography of NanS 

P. sordellii NanS was run over a size exclusion column (S75) in 20 mM HEPES pH 6.9, 

50 mM NaCl buffer. The resulting sample was concentrated to 54 mg/ml and set up in broad 

matrix crystallization screens to identify crystal growth conditions. Final optimized crystallization 

conditions were in 0.1 M Bis-Tris, pH 6.5, 0.2 M ammonium acetate, 25 % polyethylene glycol 

3350, and crystals were harvested and cryoprotected in mother liquor with 20% glycerol. X-ray 

diffraction data were collected at the LS-CAT beamline (Advanced Photon Source, Argonne 

National Laboratory). Data were processed with autoPROC [71–75], and molecular replacement 

was performed in Phaser [76] with the structure of the sialidase from Salmonella typhimurium 

(Protein Data Bank code 1DIM) as search model to phase the data. Refinement was performed 

in Phenix [77], and Coot was used for model building [78]. Software was curated by SBGrid [79]. 

 

3.3.5 HUVEC culture and viability assays  

Human umbilical vein endothelial cells (HUVECs) were maintained in Vascular Cell Basal 

Media supplemented with Endothelial Cell Growth Kit-VEGF, designed to keep a low serum 

culture environment. Cells were cultured at 37˚C with 5% CO2 and seeded into 96-well plates and 

allowed to grow until confluent (up to 2 days). For 3 hours, 10 uM NanS was incubated on cells, 

after which it was removed and replaced with cell media. TcsL or mock buffer was incubated on 
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the cell for 24 hours, and viability was measured using the CellTiter-Glo luminescent cell viability 

assay (catalog number G7573; Promega).  

 

3.3.6 Vero-GFP cell culture and rounding assays 

Vero-GFP cells were maintained in DMEM supplemented with 10% fetal bovine serum 

and cultured at 37˚C with 5% CO2. Cells were seeded into 96-well plates at 24,000 cells per well 

and allowed to grow overnight. For 3 hrs., 100 nM NanS was incubated on cells after which it was 

removed and replaced with cell media. TcsL or mock buffer was incubated on the cell, and every 

30 min for 20 hrs., a GFP image was taken. From these images, the total number of rounded and 

non-rounded cells were counted. 

 

3.3.7 Animals and housing 

All mouse experiments were approved by IACUC. C57BL/6J mice (all females, age 9 to 

12 weeks) were purchased from Jackson Laboratories and were housed five to a cage in a 

pathogen-free room with clean bedding and free access to food and water. Mice had 12h cycles 

of light and dark. 

 

3.3.8 Virulence studies 

In vivo virulence studies were conducted using a transcervical instillation model [80]. In 

brief, mice were anesthetized, and a speculum was inserted into the vaginal cavity to allow for 

dilation and passage of a flexible gel-loading pipette tip through the cervix and transfer of 

recombinant protein directly into the uterus. Following instillation, a cotton plug applicator was 

inserted into the vagina, and a cotton plug was expelled from the applicator and into the vaginal 

cavity using a blunt needle. Mice were monitored daily for morbidity and signs of sickness. Mice 

were humanely euthanized by CO2 inhalation when moribund or at end of study. In some cases, 
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the uterus was harvested, fixed in Carnoy’s solution, paraffin-embedded, and processed for 

histology. 

 

3.3.9 Statistical analysis 

Statistical testing and graphical representations of the data were performed using 

Graphpad Prism. Statistical significance was set at a P ≤ 0.05 for all analyses (*, P ≤ 0.05; **, 

P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001). The Log-rank (Mantel-Cox) multiple comparison test 

was used for survival curve comparisons. Sidak’s multiple comparison (2-way ANOVA) test was 

used to compare two groups and Dunnett’s multiple comparison (2-way ANOVA) test was used 

to compare multiple groups. Ordinary one-way ANOVA test was used to compare histological 

scoring. 

 

3.4 Results 

3.4.1 Purification and crystal structure determination of NanS 

To begin to assess the role of NanS in P. sordellii pathogenesis, we prepared a plasmid 

for recombinant protein expression. Following expression and purification of the recombinant 

protein, we tested NanS for sialidase activity using 4 mM of the substrate 5-Bromo-4-chloro-3-

indolyl α-D-N-acetylneuraminic acid as previously described [49]. We found NanS to be 

catalytically active in a dose dependent manner (Figure 3-1 A).  

We hypothesized that we could gain further insight into the role of NanS from analyzing 

its structure. We performed X-ray crystallography using the Salmonella typhimurium LT2 sialidase 

structure as a search model for molecular replacement to elucidate a structure of NanS at 1.79-

Å resolution (Table 3-1). The active site of NanS (Figure 3-1 B-C), compared to other sialidases 

[81,82], is highly conserved. From analyzing the structure with focus on the catalytic site, we did 

not find any identifiable clues to suggest that NanS would play a distinctive role from other 

bacterial sialidases. 
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Figure 3-1. Sialidase activity assay and X-ray crystal structure of NanS. (A) Sialidase activity 
assay using 4 mM 5-Bromo-4-chloro-3-indolyl α-D-N-acetylneuraminic acid of NanS serially 
diluted 10-fold. (B) The NanS structure with the residues of the conserved catalytic site of NanS 
colored in sticks and shown in inset of (C). 
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Table 3-1. Crystallographic data collection and refinement statistics 
 
Protein P. sordellii NanS 
Data Collection  
  Wavelength (Å) 0.97856 
  Resolution (Å) 19.77 - 1.79 (1.86 - 1.79) 
  Space group P212121 
  Cell dimensions 
    a, b, c (Å) 
    α, β, γ (o) 

 
89.1, 90.9, 129.9 
90.0, 90.0, 90.0 

  Total reflections 482,840 (41,682) 
  Unique reflections 95,247 (9,656) 
  Multiplicity 5.1 (4.3) 
  Completeness (%) 95.7 (98.2) 
  I/σI 16.1 (2.5) 
  Wilson B-factor 17.19 
  Rmerge 0.073 (0.633) 
  Rmeas 0.082 (0.714) 
  Rpim 0.035 (0.321) 
  CC1/2 0.999 (0.773) 
  CC* 1 (0.934) 
Refinement  
  Resolution (Å) 19.84-1.79 
  No. of reflections 95,216  
  Rwork/Rfree 0.152/0.178 
  No. of non-hydrogen atoms  
    Protein 8,504 
    Water 994 
    Total 9,498 
  Average B-factor (Å2) 20.70 
  RMSD values  
    Bond lengths (Å2) 0.006 
    Angles (o) 0.770 
  Ramachandran plot (%)  
    Most favored 96.7 
    Allowed 2.9 
    Disallowed 0.4 
  Rotamer outliers (%) 0.00 

    Statistics for the highest-resolution shell are shown in parentheses. 
 
 
 

3.4.2 NanS potentiates TcsL cytotoxicity in vitro 

In a previous report, NanS was found to work synergistically with an unidentified toxin to 

increase the cytotoxicity of P. sordellii [36]. We wanted to test whether NanS could increase the 

cytotoxicity of supernatants from various P. sordellii strains available in the Lacy lab: ATCC9714, 
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DA108 [24], HH310 [32], and/or ORE2019 [83]. Vero cells were treated with NanS followed by 

incubation of a ten-fold dilution of P. sordellii supernatants grown for 48 hours. ATCC 9714 strain, 

compared to the others, had an increased cytotoxicity (Supplementary Figure 3-1 A) and 

resulted in cell rounding (Supplementary Figure 3-1 B) following NanS treatment. One major 

distinction of ATCC 9714 strain over DA108, HH310, and ORE2019 is the presence of the lethal 

toxin, TcsL. While the prior report suggested a toxin other than TcsL, we were curious whether 

NanS would affect the activity of TcsL. We performed in vitro cytotoxicity assays where we treated 

HUVECs with 10 uM NanS for three hours and then assayed at 24 hours for ATP levels as an 

indicator of viability. NanS alone was not cytotoxic to the cells (Supplementary Figure 3-2). 

However, preincubation of HUVECs with NanS, followed by intoxication of TcsL showed that 

NanS works synergistically with TcsL to increase cytotoxicity (Figure 3-2).  

 

 

          

Figure 3-2. NanS potentiates the cytotoxicity of TcsL. Viability assay from four independent 
experiments of HUVECs treated with 10 uM NanS or mock-treated for 3 hours followed by TcsL 
intoxication for 24 hours. ATP was measured as a readout of viability and normalized to signal 
from either NanS treated cells or mock treated cells. Sidak’s multiple comparison (2-way ANOVA) 
test was used with statistical significance set at a p value of < 0.05. 
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3.4.3 Mutants of the catalytic site of recombinant NanS 

To ensure that the synergistic effect was the result of the NanS enzyme activity, we 

introduced point mutations into the active site of NanS.  From analyzing the structure, we created 

several single- and multi-amino acid substitutions within the conserved active site (S1 Table), 

focusing on the glutamic acid–tyrosine nucleophilic charge relay, aspartic acid acid/base, and the 

arginine triad conserved among sialidases. Interestingly, all mutants still retained some sialidase 

activity, though one multi-mutant, NanS_R48A, R67A, D73A, R323A, did appear to have reduced 

activity at the tested concentration of 10 uM (Supplementary Figure 3-3 A). 

We moved NanS_R48A, R67A, D73A, R323A mutant into the HUVEC viability assay but 

found that it still enhanced the cytotoxicity of TcsL (Supplementary Figure 3-3 B). Perhaps with 

the high concentration of 10 uM NanS there is still enough sialidase activity of the mutant to have 

similar effects. We tested reduced concentrations of NanS in our HUVEC assay, but found that 

its effect on cells was lost following a ten-fold dilution (Supplementary Figure 3-4). With the need 

to use such a high concentration of NanS, we next questioned whether HUVECs were a good 

cellular model for studying the role of NanS in TcsL intoxication. 

 

3.4.4 NanS increases the rate of Vero cell rounding following TcsL intoxication 

 It has been reported that the primary target of TcsL during PSI is the vascular endothelium 

[26]. Therefore, it seemed reasonable for us to do our in vitro cell assays with an endothelial cell 

line such as HUVECs. However, the first cellular barrier TcsL would need to cross in the uterus 

would be the epithelium and these cells are frequently protected by a layer of mucus. We began 

to wonder if NanS acted to increase TcsL cytotoxicity on the uterine epithelium, rather than the 

endothelium. 

To test this, a cell rounding assay was performed where NanS-treated or mock-treated 

Vero-GFP (epithelial) cells were intoxicated with TcsL. Compared to HUVECs, Vero cells were 

more sensitive to NanS treatment, and less sensitive to TcsL intoxication. For this reason, in 
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contrast to the HUVEC viability assay, we reduced the concentration of NanS to 100 nM, and 

intoxicated with 100 pM, 10 pM, and 1 pM TcsL. We found that cells pre-treated with 100 nM 

NanS for 3 hours had a statistically significant increased rate of rounding following TcsL 

intoxication of 100 pM, 10 pM, and 1 pM, respectively, compared to mock treatment (Figure 3-3 

A-C). We plan to test our NanS mutants in this rounding Vero-GFP cell assay, as a reduced 

concentration of 100 nM NanS may reveal differences in synergistic cytopathic effects.   
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Figure 3-3. NanS increases the rounding of Vero-GFP cells following TcsL intoxication. Cell 
rounding percentage from three independent experiments of Vero-GFP cells treated with 100 nM 
NanS or mock buffer for 3 hours followed by TcsL intoxication at 100 pM (A), 10 pM (B), or 1 pM 
(C) for 5-20 hours. Data are the accumulation of three independent experiments. Dunnett test for 
multiple comparisons was used with statistical significance set at a p value of <0.05. (*, P ≤ 0.05; 
**, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001). (A-C) NanS/TcsL rounding curves were statistically 
significant from TcsL rounding curves.  

 

 

3.4.5 NanS potentiates TcsL-mediated disease in transcervical instillation animal model 

We next wanted to assess the importance of NanS in PSI pathogenesis in the context of 

our transcervical (TC) instillation animal model as described in Chapter 2. We performed a TC 

instillation of recombinant NanS and TcsL into animals in diestrus. As shown in Figure 3-4, 10 ng 

TcsL transcervically instilled in diestrus mice can kill 50% of mice by day 4. When 1.5 ug NanS 

was instilled with 10 ng TcsL, all animals were dead before 24 hours, while animals instilled with 

NanS alone resulted in no signs of sickness or disease (Figure 3-4 A). Uterine tissues were 

harvested upon euthanization and processed for histology. H&E-stained tissue was scored from 

mild to severe in edema, acute inflammation, and epithelial injury by a pathologist blinded to the 

experimental conditions (Figure 3-4 B). Uterine tissue from control diestrus mice were found to 

have normal/mild scoring in all criteria, and mice transcervically instilled with 10 ng TcsL or 1.5 

ug NanS alone were not found to be statistically significant from control. When NanS was co-

administered with 10 ng TcsL, scoring was increased to moderate inflammation and severe 

epithelial injury with statistical significance. This experiment clearly suggests that NanS can 

potentiate TcsL in vivo and supports a role for NanS on the epithelium. 
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Figure 3-4. NanS works synergistically with TcsL in order to exacerbate P. sordellii 
pathogenesis. (A) Survival curve of mice that were subcutaneously administered 
medroxyprogesterone acetate on Day -5 to induce diestrus, followed by transcervical instillation 
of 1.5 ug NanS, 10 ng TcsL, or 1.5 ug NanS/10 ng TcsL on Day 0. Animals were 
weighed/monitored for four days. (B)  Histological scoring of edema, acute inflammation, and 
epithelial injury of uterine tissues from moribund mice or at end of study from diestrus mice 
transcervically instilled with PBS-control, 10 ng TcsL alone, 10 ng TcsL / 1.5 ug NanS, or 1.5 ug 
NanS alone. Dunnett’s (one-way ANOVA) multiple comparisons test was used with statistical 
significance set at a p value of <0.05. Some survival data and histological scores from 10 ng TcsL 
instilled mice have been previously published [80]. Additional representative mice (n=5) were 
performed in this study and included. 
 
 
 
 

Additionally, we transcervically co-instilled 15 ug NanS and 20 ng TcsL in animals in estrus 

and found that the animals did not succumb to intoxication (Figure 3-5 A). Uterine tissues were 

harvested upon euthanization and processed for histology. H&E-stained tissue was scored 

following criteria describe above (Figure 3-5 B). Control estrus mice and mice transcervically 

instilled with 20 ng TcsL or 15 ug NanS alone were assigned scores of normal/mild in all criteria. 

When NanS was co-administered with 20 ng TcsL, scoring was increased to moderate 

inflammation and moderate/severe epithelial injury with statistical significance. 
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Figure 3-5. NanS works synergistically with TcsL in order to cause epithelial injury in 
estrus mice. (A) Survival curve of mice that were subcutaneously administered beta-estradiol on 
Day -2 to induce estrus, followed by transcervical instillation 15 ug NanS, 20 ng TcsL, or 15 ug 
NanS/ 20 ng TcsL on Day 0. Animals were weighed/monitored for four days. Log-rank (Mantel-
Cox) multiple comparison test was used with statistical significance set at a p value of <0.05. (B) 
Histological scoring of edema, acute inflammation, and epithelial injury of uterine tissues at end 
of study from estrus mice transcervically instilled with PBS-control, 20 ng TcsL alone, 20 ng TcsL 
/ 15 ug NanS, or 15 ug NanS alone. Dunnett’s (one-way ANOVA) multiple comparisons test was 
used with statistical significance set at a p value of <0.05.  

 

 

3.5 Discussion 

The nanS gene is present in all P. sordellii isolates [31], and yet the role of NanS in PSI 

remains elusive. In this study, we expressed and purified a recombinant protein corresponding to 

the ATCC 9714 NanS sequence and found it to be a catalytically active sialidase (Figure 3-1). 

From the crystal structure, we were not able to discern any identifiable clues to suggest NanS 

operates differentially from other bacterial or viral sialidases. 

Awad et al., demonstrated that NanS works synergistically with an unknown toxin(s) to 

worsen P. sordellii cytotoxicity [36]. We were curious as to the identity of this toxin and began 

performing in vitro cell culture assays to reproduce the experiments of Awad et al. Briefly, the 

authors collected the supernatant of two different P. sordellii growths: The first, a 4-hour growth 

found to have high sialidase activity, but no detectable TcsL, and the second, a 72-hour growth 

that was concentrated and found to be toxin-enriched, including TcsL. The 4-hour NanS-rich 

supernatant was incubated on the cells for 3 hours after which it was removed and replaced with 

the 72-hour toxin-rich supernatant and incubated for 24 hours. Confirmed by using a NanS mutant 

strain, the authors found that early NanS incubation on cells increased the cytotoxicity of an 

unknown factor present in the toxin-rich supernatant. To determine if TcsL in the toxin-rich 

supernatant was responsible for this result, the authors used a TcsL-mutant strain, grown for 72 

hours, and compared the cytotoxicity to wildtype strain. They found comparable cytotoxicity 

between wildtype and TcsL-mutant strain following incubation of NanS-rich supernatant and 
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determined the increase in cytotoxicity was independent of TcsL and due to an additional 

unknown P. sordellii virulence factor. 

We set out to mimic these sets of experiments but chose to use recombinant proteins 

rather than P. sordellii supernatants. We incubated recombinant NanS on HUVECs for 3 hours, 

and following removal, intoxicated the cells with recombinant TcsL for 24 hours. Contrary to Awad 

et al., we show data to support that NanS and TcsL do work in a synergistic manner to increase 

cytotoxicity in vitro (Figure 3-2). We believe these discrepancies can be explained: In growing P. 

sordellii cultures, Awad et al., collected the supernatants 4 hours post inoculation, reporting that 

NanS sialidase activity was optimal at this time point and that TcsL is not produced at a detectable 

level. For this reason, rather than using their TcsL-mutant strain, the authors chose to use the 

wildtype strain.  We did this same growth and concentrated the supernatant using a 100 kDa 

MWCO centrifugal filter and found the resulting supernatant to round cells in a TcsL-dependent 

manner. The rounding and cytotoxic effect could be neutralized using a C. difficile TcdB/TcdA 

antitoxin, a reagent capable of neutralizing TcsL in cell culture (Supplementary Figure 3-5). We 

are suggesting that, though undetectable via the methods of Awad et al., TcsL is indeed present 

in 4-hour P. sordellii growths and is responsible for the observed increase in cytotoxicity. We 

believe that if the authors used a TcsL mutant strain in these 4-hour growth experiments, they 

would have reached a different conclusion regarding NanS/TcsL synergy. 

Now that we had evidence of NanS having an accessory role to TcsL, we wanted to better 

understand this interaction. We performed a cell rounding assay with Vero-GFP cells and found 

that NanS treatment of cells, followed by TcsL intoxication resulted in cells rounding at an 

increased rate compared to mock treated cells (Figure 3-3). This suggested that perhaps NanS 

is capable of cleaving sialic acids on the epithelium, most likely allowing for optimized TcsL-

receptor access and interactions, ultimately resulting in increased cell rounding.  

One C. perfringens study found that NanI, a sialidase, was capable of increasing the 

binding of C. perfringens enterotoxin (CPE) and beta toxin to Caco-2 cells and HUVECs, 
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respectively [67]. It would be interesting in future studies to understand if our observed increase 

in cytotoxicity and cell rounding is a result of NanS enhancement of TcsL binding to cell surface 

receptors. In addition, it is possible that NanS may be more impactful for TcsL binding and activity 

on differing cell types depending on the presence of adherent mucus, as was the case for C. 

perfringens NanI and CPE binding  [84]. It could be beneficial to measure the release of sialic 

acids from multiple cell types following NanS treatment to understand if NanS would show more 

of an effect in cell lines with increased mucus production. 

Nonetheless, now that we had the support of two independent cell culture assays, we 

were motivated to explore the role of NanS in vivo. In our transcervical instillation model, it is 

evident that TcsL alone can cause the major symptoms associated with P. sordellii infection 

[Chapter 2]. It is plausible that when TcsL concentrations are low, the ability of NanS to increase 

toxin activity could contribute to pathogenesis. To test this, we instilled NanS alone and with 10 

ng TcsL, an amount known to result in approximately 50% survival by end of study at Day 4. 

Following this co-instillation, all animals in diestrus succumbed to death before 24 hours, a result 

that was found to be statistically significant (Figure 3-4 A). Since mucus is not present in the 

uterine horns of mice in diestrus (Supplementary Figure 3-6 A), we speculate that NanS may 

work to degrade the sialoglycoprotein-rich glycocalyx atop the epithelium to aid TcsL in accessing 

its cell surface receptor. 

To date, TcsL intoxication (up to 50 ng) in animals in estrus has not resulted in any signs 

of disease or sickness in the animals [Chapter 2]. Vegetative PSI in animals in estrus resulted in 

significantly less death (30% mortality) compared to animals in diestrus (80% mortality) [Chapter 

2]. It is known, and we have observed, that there is a higher production of uterine mucus in estrus 

in contrast to diestrus (Supplementary Figure 3-6 B). The mucus most likely plays a protective 

role for the host during pathogen exposure. In the case of C. perfringens, mucus has been shown 

to inhibit CPE, a major toxin responsible for severe human intestinal disease [84]. However, NanI, 
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a sialidase produced by some Clostridium perfringens type F strains, was found to increase, in 

vivo, the action of CPE in the presence of mucus [84]. 

In PSI, we were curious if NanS might be responsible for break-down of sialic acid-

containing mucus components in the uterus and increases P. sordellii pathogenesis in estrus 

mice. Perhaps, in estrus, TcsL requires NanS to break down mucus to allow the lethal toxin to 

access its receptor(s). Here we find that 20 ng TcsL in an estrus mouse when co-instilled with 

NanS did not cause death in the timeline of our experiment (Figure 3-5 A). However, from 

histological analysis, we found increased scoring in inflammation and epithelial injury compared 

to control mice in estrus or mice instilled with 20 ng TcsL or 15 ug NanS alone. (Figure 3-4 B) 

Further studies will be performed using a lengthened timeline post-intoxication in order to observe 

mortality in estrus mice, but this experiment suggests a role for NanS in mucus and glycocalyx 

degradation in P. sordellii pathogenesis. 

Taken together, NanS could be considered an accessory virulence factor produced by P. 

sordellii to enhance pathogenesis. In this report we show data to support that NanS and TcsL 

work in a synergistic manner to exacerbate P. sordellii-mediated disease.   

 

3.6  Appendix 
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A 

 

P. sordellii Strain Virulence Factors 
ATCC 9714 TcsL +, TcsH -, NanS +, SDL -, PLC + 

DA-108  TcsL -, TcsH -, NanS +, SDL +, PLC + 
HH-310 TcsL -, TcsH -, NanS +, SDL (?), PLC (?) 

ORE2019 TcsL -, TcsH (?), NanS +, SDL (?), PLC (?) 
B 

       
 

Supplementary Figure 3-1. ATCC 9714, compared to other P. sordellii strains, had an 
increased cytotoxicity and resulted in cell rounding following NanS treatment. (A) Viability 
assay of Vero cells treated with 10 uM NanS for 3 hours followed by incubation of 48-hour growth 
supernatants (diluted 10-fold) of P. sordellii strains: ATCC 9714, DA108, HH-310, ORE2019. At 
24 hours, ATP was measured as a readout of viability and normalized to signal from either NanS 
treated cells or mock treated cells. Assay was performed one time and is not statistically 
significant without replicates. (B) Vero cells treated with 48-hour supernatant from ATCC 9714 
strain (left) and mock treated cells (right). 
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Supplementary Figure 3-2. NanS is not cytotoxic to HUVECs. Viability assay of HUVECs 
treated with 10 uM NanS for 3 hours. At 24 hours post NanS treatment, ATP was measured as a 
readout of viability and normalized to signal from either NanS treated cells or mock treated cells. 
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Supplementary Table 3-1: Primer sequences for NanS mutations and plasmid information 
 
 
 
Designed 
Mutations Primer Sequence Used 

NanS R48A 5'- GAACGCGCAGTACTTTGCTATTCCGAGC -3' 
5'- GCTCGGAATAGCAAAGTACTGCGCGTTC -3' 

NanS R67A 5' -GGCGTTCAGCGATATCGCTTACAACGG -3' 
5'- CCGTTGTAAGCGATATCGCTGAACGCC -3' 

NanS D73A 5'- CGCGGCGGCCCACGCGTATATCG -3' 
5'- CGATATACGCGTGGGCCGCCGCG -3' 

NanS E241A 5'- GGATCCGAAAACCAGCGCGAACATGG -3' 
5'- CCATGTTCGCGCTGGTTTTCGGATCC-3' 

NanS R256A 5'- CGCTGATTATGAGCAGTGCTAACGATGGC -3' 
5'- GCCATCGTTAGCACTGCTCATAATCAGCG -3' 

NanS R323A 5'- GGTGGCTACGTGGCTGACAACATTACC -3' 
5'- GGTAATGTTGTCAGCCACGTAGCCACC -3' 

NanS Y358A 5'- CGGTGGCGGTGCTAGCTGCCTGAGC -3' 
5'- GCTCAGGCAGCTAGCACCGCCACCG -3' 

 
 
Plasmid Name Protein Expressed 

pBL974 NanS in              
pET - 47b (+)  

pBL1276 NanS R67A 
 

 

pBL1277 NanS D73A 
 

 

pBL1278 NanS E241A 
 

 

pBL1279 NanS R256A 
 

 

pBL1280 NanS Y358A 
 

 

pBL1281 NanS D73A, 
R323A 

 

 

pBL1282 NanS R48A, R67A, 
D73A 

 

 

pBL1283 NanS R48A, R67A, 
D73A, R323A 
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A 

 

B 

 

Supplementary Figure 3-3. Sialidase activity of NanS mutants. (A) Sialidase activity of WT 
NanS and its mutants following incubation with 4 mM 5-bromo-4-chloro-3-indolyl-alpha-D-N-
acetylneuraminic acid. Abs620 was measured over a 4-hour period. (B) Viability assay of 
HUVECs treated with 10 uM NanS or NanS mutant (NanS R48A, R67A, D73A, R323A) for 3 
hours followed by TcsL intoxication for 24 hours. ATP was measured as a readout of viability and 
normalized to signal from either NanS treated cells or mock treated cells. Dunnett’s multiple 
comparison (2-way ANOVA) test was used with statistical significance set at a p value of < 0.05. 
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Supplementary Figure 3-4. NanS potentiation of TcsL cytotoxicity is lost below 10 uM 
NanS. Viability assay of HUVECs treated with 10 uM, 1 uM, 100 nM, 10 nM NanS, or mock buffer 
for 3 hours followed by 10 pM, 1 pM, or 100 fM TcsL intoxication for 24 hours. ATP was measured 
as a readout of viability and normalized to signal from NanS treated cells or mock treated cells. 
 
 
 
 
 

 
 
Supplementary Figure 3-5. TcsL is present in 4-hour growth of P. sordellii ATCC 9714. 
Viability assay of Vero cells treated for 3 hours with 4 hour-growth supernatants of ATCC 9714 
strain (concentrated with 100 kDa MWCO filter) alone or in the presence C. difficile TcdA/B 
antitoxin (Techlab catalog number T5000). At 24 hours supernatant treatment, ATP was 
measured as a readout of viability and normalized to signal from either NanS treated cells or mock 
treated cells. 
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A 
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Supplementary Figure 3-6. Luminal mucosa is not present in uteri of mice during diestrus, 
but is present during estrus. 20x magnification of Periodic Acid Schiff staining of uteri fixed in 
Carnoy’s solution of an animal in diestrus (A) and estrus (B). 

100 uM
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CHAPTER IV 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

4.1 Conclusions 

Paeniclostridium sordellii infection in humans is rare but typically fatal. It is most frequently 

observed as a uterine infection in postpartum women following childbirth, stillbirth, or abortion.  

Once identified, antibiotics can be used to eradicate the bacteria, but these are not effective at 

neutralizing the secreted TcsL lethal toxin that can cause a treatment-refractory toxic shock 

syndrome. Given the rarity of the infection in humans, there is no monetary incentive for the 

pharmaceutical industry to develop a TcsL-specific therapeutic.  

TcsL shares 76% sequence identity with C. difficile TcdB, the primary virulence factor in 

C. difficile infection (CDI).  Unlike PSI, CDI is a significant public health problem, and there is 

intense pharmaceutical company interest in the development of novel protective and therapeutic 

strategies. One of these strategies includes the use of an anti-TcdB mAB called Bezlotoxumab, 

now marketed as Zinplava, for the prevention of CDI recurrence. We initiated this study with the 

hope that if Bezlotoxumab provided protection against TcsL and PSI, perhaps this would create 

a path for off-label clinical use in the rare scenarios of PSI associated toxic shock syndrome.  

To test this in a meaningful way, we established a non-surgical, uterine infection model 

and made the discovery that disease symptoms varied with the reproductive cycle of the animals 

and could be synchronized with the use of progesterone.  This opens the door for new research 

questions at the interface of bacterial spore and toxin biology with reproductive health. 

Unfortunately, our bezlotoxumab biosimilar, CDB1, did not provide protection against PSI in our 

animal model. This result is consistent with the mechanistic knowledge that the TcsL-receptor 

interaction, defined in in vitro studies, is not predicted to be affected by bezlotoxumab binding.  

Fortunately, another anti-TcdB mAB, PA41, did show signs of protection.  If developed for CDI, 
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this antibody could have an added therapeutic utility in the life-threatening instances of human 

PSI. 

In addition to TcsL, we were interested in NanS, a sialidase produced by P. sordellii, 

whose physiological role in PSI had not been identified. NanS has been previously reported to 

increase the cytotoxicity of an unknown P. sordellii virulence factor. First, using in vitro techniques, 

we show that NanS works in a synergistic manner with TcsL in order to increase cytotoxicity and 

cell rounding of tissue culture cells. Next, using our PSI hormone-inducible transcervical 

instillation mouse model, we show that the co-presence of purified NanS resulted in significant 

TcsL-induced lethality in diestrus mice. Additionally, in estrus mice where mucus production is 

increased, the co-presence of NanS and TcsL significantly increased uterine histologic epithelial 

damage compared to challenge with TcsL alone. This NanS enhancement of TcsL-induced 

uterine epithelial injury suggests that NanS may potentiate TcsL access to the tissue when mucus 

is present. Overall, we have shown NanS to work synergistically with TcsL in order to exacerbate 

P. sordellii-mediated disease. 

In summary, we have shown the development of a new physiologically relevant animal 

model for studying PSI, and in the process have identified the importance of the murine 

reproductive cycle. We have used this model to characterize two C. difficile monoclonal 

antibodies, CDB1 and PA41, for the treatment of PSI. We further have looked at the role that 

NanS plays in P. sordellii pathogenesis, both in vitro and in vivo, and have found that it works 

synergistically with TcsL in order to exacerbate disease.  
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4.2 Future Directions  

Several interesting avenues for future investigation have resulted from the aforementioned 

research detailed in Chapters II and III.  

 

4.2.1 Understanding the role of the reproductive cycle in determining severity of PSI 

In Chapter II, we identified the importance of the murine reproductive cycle in determining 

the disease outcome of PSI. Understanding the different factors present during estrus and 

diestrus that are responsible for such changes to P. sordellii susceptibility remains unclear. To 

begin to understand these differences, we performed a time-course study where, following 

transcervical spore infection (106 CFUs), animals in estrus and diestrus were euthanized at 4-, 

12- and 24-hours post-infection (Figure 4-1 A). Uterine tissues were fixed in Carnoy’s solution to 

preserve mucus, and processed for immunofluorescence staining. The goal was to observe any 

differences in the uterine tissues between animals in estrus versus diestrus at early time points 

following transcervical infection. Using an anti-clostridia antibody and looking at an early timepoint 

of 4 hours, we were able to visualize P. sordellii as it progresses deeper into the tissue in animals 

in diestrus (Figure 4-1 B). P. sordellii instilled into animals in estrus, however, remained within 

the lumen of the uterus, presumably due to the mucosal barrier that we can visualize (Figure 4-

1 C). 

In addition, we looked at the histological scores following TC instillation. Control animals 

in diestrus were found to have normal scoring in edema, inflammation, and epithelial injury, 

whereas control animals in estrus had mild to moderate scores in all criteria. Following TC spore 

infection, scoring in diestrus animals increased over the 24-hour time period in all criteria 

compared to control (Figure 4-1 D). In estrus mice, however, histological scores in all criteria 

remained similar to control animals, suggesting further that animals were protected from PSI 

(Figure 4-1 E). 
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Figure 4-1. Time-course study of P. sordellii spore infection followed by 
immunofluorescence staining of bacteria and uterine histological scoring. (A) Timeline 
showing subcutaneous administration of medroxyprogesterone acetate on Day -5 to induce 
diestrus, or beta-estradiol on Day -2 to induce estrus, followed by transcervical infection of 106 P. 
sordellii spores on Day 0. Animals were euthanized at 4-, 12- and 24-hours post-infection. (B) IF 
staining of anti-clostridia and DAPI of uterine tissue 4h post spore infection of animal in diestrus. 
(C) IF staining of anti-clostridia and DAPI of uterine tissue 4h post spore infection of animal in 
estrus. (D) Uterine histological scoring of diestrus mice at 0-, 4-, 12-, and 24-hour post 
transcervical infection of 106 spores (E) Uterine histological scoring of Estrus mice at 0-, 4-, 12-, 
and 24-hour post transcervical infection of 106 spores. 
 

 

This study using early timepoints following infection will also allow us to perform 

immunohistochemistry and/or immunofluorescence staining to visualize tissue specific 

differences including mucosal surfaces, uterine tissue remodeling, protein receptor expression 

profiles, differing immune cell populations and infiltration, and direct response to hormones. 

 

4.2.1.1      Mucosal surfaces 

In our model of PSI, we have shown that 30% of P. sordellii-infected animals in estrus 

succumb to infection, compared to 80% in diestrus (Chapter II). Mucus is made up of mucins and 

antibodies that likely provide a lining of protection from invading pathogens and could account for 

why animals in estrus are protected from PSI. We can use Periodic Acid Schiff (PAS) staining, to 

look at the mucus levels within the reproductive tract of animals in estrus and diestrus. Other 

studies have reported [85] and we confirm, that in estrus the uterine glands release an abundance 

of mucus compared to diestrus, where we saw negligible amounts of mucus (Supplementary 

Figure 3-6 A-B). In addition to providing a physical barrier in limiting pathogen access to 

underlying tissue, mucus is also known to have heavily glycosylated antibodies, such as IgA, that 

have nonspecific antibacterial properties [47,48]. These antibodies could contribute to the 

mucosal protection against PSI that we observe in mice during estrus. It has been our hypothesis 

that the mucosal lining of the uterus has decreased the susceptibility of estrus animals to PSI, 

and that NanS is capable of degrading this mucosal barrier resulting in disease in estrus mice.  
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Future studies might include looking at uterine PAS staining of P. sordellii-infected mice 

or NanS instilled mice in estrus and measuring the mucus levels compared to control mice. If our 

hypothesis is correct, we might be able to observe a decrease in mucus when NanS is present, 

further supporting our model where NanS is an accessory virulence factor produced by P. sordellii 

to enhance pathogenesis when conditions are not ideal for the pathogen. Immunofluorescence 

staining could be another option for visualizing the uterine mucosal surfaces if PAS staining is 

inconclusive. 

 

4.2.1.2      Tissue remodeling 

It is unclear whether the increased susceptibility to uterine PSI during diestrus is directly 

due to the lack of a mucosal lining, as speculated above, or due to tissue remodeling, such as 

inherent epithelial reconstruction occurring during diestrus or breakdown of cellular junctions 

owing to infection. To gain a better understanding of this question, immunofluorescent staining 

would be a useful tool to identify epithelial changes. Using very early timepoints following PSI, we 

could stain for epithelial barrier tight junction associated proteins, such as ZO-1, claudin-1 and 

occludin to track epithelial changes as infection progresses. We could also observe any changes 

to the glycocalyx of the epithelium by staining sialic acid on the cell surface, via the sialic acid-

specific lectin, wheat germ agglutinin. This staining could allow us to  identify whether P. sordellii, 

presumably via NanS, is indeed capable of modifying this structure as a way of potentiating 

infection.  

 

4.2.1.3      Receptor expression profiles 

In addition to mucosal lining and tissue remodeling, there may be a difference in protein 

receptor expression during estrus and diestrus that could allow for a difference in pathogenicity 

of P. sordellii. SEMA6A/B are the only TcsL receptors that have been identified to date [27,28], 

though it is likely the toxin has additional host receptors. Performing immunofluorescence staining 
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of uteri in diestrus for SEMA6A/B, compared to uteri in estrus, might address the question of 

whether there is difference of receptor expression accounting for increased PSI susceptibility.  

Furthermore, we currently do not have an understanding of what bacterial 

receptors/substrates are necessary for colonization of P. sordellii. It would be interesting to 

measure via immunofluorescence staining of the bacteria to determine if there are differences in 

levels of P. sordellii colonization between the stages of the reproductive cycle. 

 

4.2.1.4     Differing immune cell populations 

The innate immune system provides the host with an early line of defense against invading 

pathogens. The immune cell populations present at the time of infection, as well as, how fast an 

immune response can be elicited can determine host susceptibility to infection. Throughout the 

reproductive cycle, along with significant remodeling of the tissue, the endometrium undergoes 

an adaptation in resident immune cell populations [40]. The uterine microenvironment and 

immune cells that a pathogen encounters are dependent on the stage of the reproductive cycle.  

It would be interesting to test whether the early immune response would be affected differentially 

depending on the stage of the cycle at the time of uterine infection. 

 An in vitro study, using HEK293 cells and heat-killed bacteria, looked at the innate 

immune system and determined that P. sordellii is recognized through TLR-2 signaling and 

induces the production of TNFa and IL-10, a pro-inflammatory and anti-inflammatory cytokine, 

respectively [86,87]. However, how the innate immune system recognizes the exotoxins of P. 

sordellii was not studied, nor do we have an understanding of how the immune system responds 

under active infection conditions and whether the reproductive cycle is a determining factor in 

immune recognition and response. 

Immunofluorescence or immunohistochemical staining of uterine tissue would be useful 

approaches for visualizing immune cell populations, such as macrophages and neutrophils at 

different stages of the reproductive cycle. In addition, staining for immune cells, at early timepoints 
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following PSI or TcsL intoxication could be informative as to early immune responses. Measuring 

the local and systemic cytokine induction in response to PSI would also be important in further 

understanding the innate immune response.  

 

4.2.1.5      Direct response to sex hormones 

It is unknown how the sex hormones, progesterone and estrogen, used in our hormone-

inducing TC model, directly influence bacterial pathogenesis. Sex steroid hormones have many 

diverse roles in mammals including modulation of the immune response in reproductive tissues. 

Estradiol has been shown to work as an activator of the immune system by enhancing natural 

killer (NK) cells activity, stimulating the production of proinflammatory cytokines, such as IL-1, IL-

6, and TNFα, while inhibiting the production of anti-inflammatory cytokines, altogether contributing 

to prevention against infections [87,88]. Progesterone, however, is a known immunosuppressant, 

capable of reducing the activity of macrophage and NK cells, promoting the production of anti-

inflammatory cytokines such as of IL-4, IL-5 and IL-10, and inhibiting response of proinflammatory 

cytokines, which, altogether could predispose the development of bacterial infections [87,89,90] 

Aside from the role of sex hormones in the modulation of the immune system, estrogen 

and progesterone can have directly affect bacterial growth, metabolism and expression of 

virulence factors [91]. It would be interesting in future studies to analyze the direct effects of sex 

hormones on P. sordellii disease development. 

 

4.2.2 Improvements/adjustments to the PSI animal model and antibody therapy 

The transcervical instillation method described in Chapter II for studying P. sordellii 

pathogenesis, though successful, could undergo some refinements, such as the use of pregnant 

mice or changes to the antibody administration, to perhaps improve future research. 
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4.2.2.1      Pregnant mice 

Our hormone-inducing transcervical instillation model is a simple and direct method for 

studying PSI. There still remains a question as to how relevant this model of infection is to human 

PSI-TSS of the uterus. Our model does not consider the influence of how pregnancy affects 

pathogenesis. Pregnancy might not only provide stimuli for infection to occur, but it is reasonable 

to consider that tearing along the reproductive tract during childbirth or a gynecological procedure 

could contribute to P. sordellii pathogenesis by creating deeper access into the tissue.  

One possible modification to our PSI mouse model would be infection of pregnant mice, 

or infection of mice following a medical abortion or term delivery. Another modification we could 

consider would be to use an epithelial injury animal model, either physical or chemical, to emulate 

tearing. It might be that tissue tearing/access alone is why post-partum and post-abortive women 

are susceptible to PSI. Incorporating either modification could allow us to better understand why 

P. sordellii is capable of causing disease following pregnancy. 

 

4.2.2.2      Antibody administration and regimen 

Although PA41 showed great efficacy in neutralizing TcsL, adjustments to the antibody 

therapy could be made to show further effectiveness in PSI neutralization. Studies that adjust the 

antibody administration regimen, such as modifying the administration timeline or antibody 

dosage, might be beneficial.  

Another consideration for future studies could be to alter the route of antibody 

administration. One possible route to consider would be vein injections of the antibody rather than 

intraperitoneal injections. By making this change in administration, the antibody would be 

introduced directly into the blood, allowing for faster recognition and neutralization of toxin.  
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4.2.3 Additional factors to test in our PSI model 

4.2.3.1      PA41 neutralization of additional P. sordellii strains  

With the high sequence similarity between P. sordellii TcsL and C. difficile TcdB, it is likely, 

and the Lacy lab has data to support, that the binding site of PA41 to either toxin is within the 

same conserved region (Figure 4-2). After performing a sequence blast of TcsL to show that the 

PA41 binding region is conserved across all P. sordellii TcsL-producing strains, we found a 

curious result. Within this PA41 binding region, approximately half of the TcsL-producing strains 

had a serine at residue 344 and half had an arginine.  Our recombinant TcsL (produced from 

strain JGS6382) used in TC intoxications in Chapter II and III, is similar to TcdB in that residue 

344 is an arginine. However, the reference P. sordellii strain ATCC9714 used in our animal 

infections described in Chapter II, is a serine. We are now curious if this amino acid substitution 

could result in a difference in binding affinity of PA41, and that, possibly, PA41 could have better 

efficacy against different P. sordellii strains. We could test this by creating a mutant of our 

recombinant TcsL to match the binding region of ATCC9714 TcsL. We could then do protein 

binding assays to assess binding affinities. We could also perform a JGS6382 spore TC infection 

and look at PA41 treatment to observe if we could possibly see increased protection due to 

increased affinity to TcsL.  

 

 

Toxin Sequence (GTD residues 290-360) 
                                  ****              **  *  ** **                                  

TcdB (VPI 10463) LPGIQPDLFESIEKPSSVTVDFWEMTKLEAIMKYKEYIPEYTSEHFDMLDEEVQSSFESVLASKSDKSEIF 

TcsL (JGS 6382) LPGIQPDLFKSINKPDSITDTSWEMIKLEAIMKYKEYIPGYTSKNFDMLDEEVQSSFESALSSTSDKSEIF 
TcsL (ATCC 9714) LPGIQPDLFKSINKPDSITNTSWEMIKLEAIMKYKEYIPGYTSKNFDMLDEEVQRSFESALSSKSDKSEIF  

 
 
Figure 4-2. The high sequence identity between TcdB and TcsL at the known TcdB/PA41 
interface suggest a similar mechanism of antibody neutralization. Sequence alignment of 
TcdB-GTD and TcsL-GTD (JGS 6382 and ATCC 9714) subdomains containing the TcdB/PA41 
epitope. Conserved residues are highlighted in red, with PA41 epitope residues denoted by 
asterisks. Arrow indicates residue 344. 
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4.2.3.2      Additional neutralizers of TcsL 

 As described in Chapter II, we performed neutralization studies using PA41 and CDB1, 

two C. difficile antibodies, against TcsL. For our study, we chose to focus on CDB1 and PA41 for 

their potential clinical availability and to showcase the use of our hormone-inducing uterine model 

for evaluating therapeutics for PSI. It would be interesting to explore additional TcdB neutralizers, 

such as antibodies and nanobodies, and comparing their neutralizing effects against TcsL. In 

addition to using ATP as a readout for viability in future neutralization assays, we could include 

other cell assays to measure cell death (apoptosis vs necrosis). To improve upon neutralization 

studies, future experiments might also consider the incorporation of an isotype control antibody 

(e.g. human IgG) to ensure there are not any nonspecific effects on survival mediated by Fc 

receptors or other mechanisms. 

 

4.2.3.3      Role of other virulence factors 

 We have performed focused studies regarding TcsL and NanS in vitro and in vivo.  

However, P. sordellii produces an arsenal of putative virulence factors whose roles remain 

unknown. Recombinantly purifying these factors would be a good initial step to begin to 

understand how they interact and behave in cell culture and in our animal model. A next step 

would be P. sordellii genetic manipulation to mutate these factors in the organism. Creating P. 

sordellii mutants of these factors could prove essential in identifying and elucidating their role in 

PSI.  

 

4.2.3.4      Germination stimuli 

 We still have a poor understanding of germination in vivo. For example, what are the 

germinant and environmental conditions within the host that affect the efficiency of spore 

germination and is this influenced by the reproductive cycle of the mice? An in vitro study looking 

at germination has reported that P. sordellii spores specifically recognize bicarbonate and three 
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structurally different amino acids (L-alanine, L-phenylalanine, and L-arginine) as germinants [9]. 

Additionally, germination of spores was found to occur optimally at pH 5.7-6.5 at 37ºC [9] and to 

be significantly enhanced by progesterone [10].  In our transcervical instillation model, P. sordellii 

spores were able to germinate into vegetative bacteria, though we did find some inconsistencies 

in our infection rates at times that we could not explain. Perhaps having a better understanding 

of P. sordellii spore germination stimuli in vivo could explained this variability. 

 

4.2.3.5      Antibiotics 

 In our PSI animal model, we found PA41 capable of neutralizing the secreted TcsL lethal 

toxin that can cause a treatment-refractory toxic shock syndrome. PA41 showed some significant 

efficacy in neutralizing P. sordellii spore infection, though there is room for improving this efficacy. 

In human PSI, antibiotics are administered to patients to eradicate the bacteria. Perhaps, in our 

PSI model, administrations of PA41 along with an incorporation of antibiotic therapy to deplete 

bacterial reproduction would improve the efficacy of PA41. 

 

4.2.4 Further understanding the role of NanS  

4.2.4.1      NanS Activity Mutant 

We were not fully successful in creating a recombinant NanS-mutant that lacked its 

sialidase activity. It would be favorable to include a NanS activity mutant in our HUVEC viability 

and Vero-GFP cell rounding assays, as well as, in our in vivo studies. We have obtained a NanS-

mutant ATCC9714 P. sordellii strain, along with its complemented form, from another lab, and 

can test in our TC instillation model. However, in comparison to our wildtype strain, there appears 

to be some growth rate differences that would need to be accounted for. In addition, it would be 

beneficial to have an understanding of germination stimuli in order to know that observed changes 

are not just due to differences in germination rates. 
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4.2.4.2      Mucus Degradation 

Mucus and the epithelial glycocalyx of the uterus provide a lining of protection to animals 

against PSI. It has been our hypothesis, however, that NanS is capable of degrading this mucosal 

and glycocalyx barrier, possibly rendering underlying substrates vulnerable to further degradation, 

and resulting in disease in mice.  

Much of the sialic acid at mucosal surfaces is found in mucins and sialoglycosylated 

immunoglobulin A (IgA) [47,48]. We could test the ability of NanS to hydrolyze purified mucins 

and IgA in vitro by measuring total and free sialic acids. If we can detect liberated sialic acid, this 

would be an indication that NanS can initiate degradation of mucus. 

We could further explore NanS hydrolysis of mucus using tissue culture cells that produce 

mucus. Ectocervical (Ect1/E6E7) or endocervical (End1/E6E7) cells, may be useful cell lines to 

check for mucus production, as the cervix is known to produce copious amounts of mucus. 

Following polarization and mucus production of cells, we could measure free sialic acids in media 

in response to NanS treatment of cells. We could also use immunofluorescence or PAS staining 

of mucus on cells to visualize possible mucus reduction following NanS treatment. 

 

4.2.4.3      Nutrient Source 

With NanS conserved across all P. sordellii strains, and yet most isolates are non-

pathogenic, it suggests a major role of NanS outside of infection. It is currently unknown if P. 

sordellii can catabolize sialic acids, but for other pathogens, sialic acids are a source of nutrients 

of carbon, nitrogen, and energy [92]. Perhaps NanS is involved in liberating a nutrient source for 

the bacteria. We could measure the ability of P. sordellii strains to hydrolyze and consume sialic 

acids during anaerobic growth. This could be done by measuring total sialic acid levels in the 

bacterial cultures over time to observe if there is a depletion.  
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4.2.4.4      Bacterial Adherence and Colonization 

Sialidases are known to have a role in bacterial adherence and colonization in host 

microenvironments [55,69,93]. Cleavage of sialic acids from cell surface glycoproteins or mucosal 

surfaces could reveal additional sugars of the carbohydrate side chains that are receptors for 

bacterial attachment and colonization on the host epithelium.  

To determine if NanS is capable of increasing P. sordellii adherence to host cells, a 

bacterial attachment assay could be performed. To begin, monolayers of NanS-treated tissue 

culture cells, such as Ect1/E6E7 or End1/E6E7, could be inoculated with washed P. sordellii 

cultures for approximately 2 hours at 37°C under anaerobic conditions. After this incubation, the 

monolayers could be washed and cell-associated bacteria retrieved. Dilutions of these cell 

suspensions could then be plated onto RCM agar plates overnight under anaerobic conditions at 

37°C, and arising colonies on the plates can be used to calculate the number of adherent CFU. If 

an increased bacterial count is observed in NanS-treated cells compared to mock-treated cells, 

this would be an indication that NanS, like other bacterial sialidases, is capable of affecting P. 

sordellii adherence to host cells, and possibly bacterial colonization. 
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