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Systems Immunology Approaches for Precision Medicine 

 

Andrew James Leber 

 

ABSTRACT 

 

 

The mucosal immune system encompasses a wide array of interactions that work in concert 

to protect an individual from harmful agents while retaining tolerance to molecules, 

microbes, and self-antigens that present no danger. The upheaval in the regulation-response 

balance is a critical aspect in both infectious and immune-mediated disease. To understand 

this balance and methods of its restoration, iterative and integrative modeling cycles on the 

pathogenesis of disease are necessary.  In this thesis, I present three studies highlighting 

phases of a systems immunology cycle. Firstly, the thesis provides a description of the 

construction of a computational ordinary differential equation based model on the host-

pathogen-microbiota interactions during Clostridium difficile infection and the use of this 

model for the development of the hypothesis that host-antimicrobial peptide production 

may correlate with increased disease severity and promote increased recurrence. Secondly, 

it provides insight into the necessity of trans-disciplinary analysis for the understanding of 

novel molecular targets in disease through the immunometabolic regulation of CD4+ T cell 

by NLRX1 in inflammatory bowel disease. Third, it provides the assessment of novel 

therapeutics in disease through the evaluation of LANCL2 activation in influenza virus 

infection.  In total, the computational and experimental strategies used in this dissertation 

are critical foundational pieces in the framework of precision medicine initiatives that can 

assist in the diagnosis, understanding, and treatment of disease. 
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GENERAL AUDIENCE ABSTRACT 

 

Many diseases are a result of altered patterns of interaction between the body, bacteria, 

viruses or nutrients. When these patterns are altered, inflammation occurs. If not controlled, 

the inflammation can cause pain, damage to the affected area, and other specific symptoms 

depending on the type of disease. This dissertation details the use of alternative methods 

of treating disease and analyzing disease in the context of Clostridium difficile infection, 

inflammatory bowel disease and influenza infection. It provides insight into the 

development of computational models with equations to capture the response patterns. It 

assesses the connections between immunology and metabolism that can lead to 

inflammation. And, it identifies a new therapeutic target for influenza infection. Together, 

these three phases are important pieces toward a future with improved understanding of 

disease and treatments that can be specific and customized for every individual. 
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Chapter 1 

 

Introduction: Systems Approaches for the Design of Novel Treatments in Infectious 

and Immune-Mediated Diseases 

 

Andrew Leber, Raquel Hontecillas, Josep Bassaganya-Riera 

 

1.1 Summary 

 

Traditional immunology offers the potential for the in-depth characterization of specific 

pathways and response elements in disease. However, the immune system possesses many 

layers of complex interactions that are incompatible with a reductionist approach to 

experimentation. By taking a systems level view to immunology, through the use of 

computational modeling, analytics, and transcriptomics and similar datasets in 

combination with traditional experimentation, the ability to identify, characterize and 

validate hypotheses is amplified and accelerated. Further, the availability of rich, diverse 

datasets in pre-clinical and clinical settings has opened the possibility for the intelligent 

design of novel therapeutics and the prediction of treatment response from pre-treatment 

markers. The integration of computational and experimental work spanning traditional 

scientific disciplines, such as immunology, microbiology, and metabolism, is needed to 

accomplish this goal. The three studies presented within this dissertation highlight these 

aspects through the computational modeling of host-pathogen-microbiome interactions in 

Clostridium difficile infection (CDI), the identification of a molecular target, NLRX1, at 

the interface of immunity and metabolism in inflammatory bowel disease (IBD), and the 

evaluation of a novel immunoregulatory pathway, LANCL2, for the development of anti-

viral alternatives in influenza infection. While at differing stages of experimentation, the 

motivation and methods of each project highlight the potential of systems immunology in 

the creation of non-intuitive hypothesis, generation of mechanistic knowledge and the 

development of novel therapeutic pathways. 

 

1.2 Clostridium difficile infection 

 

C. difficile is a spore-forming, anaerobic, Gram-positive bacterium identified as the 

causative agent of human pseudomembranous colitis and the most common cause of 

nosocomial antibiotic-associated diarrhea. CDI affects over 500,000 people and causes 

over 25,000 deaths yearly in the United States, according to recent estimates [1]. C. difficile 
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is present in approximately 5% of the population without the presentation of any 

symptoms. However, the prevalence increases to nearly 40% in hospitalized individuals 

[2]. Following broad-spectrum antibiotic usage, C. difficile is able to expand with the 

gastrointestinal tract, produce toxins, and perturb the integrity of the epithelial barrier 

leading to diarrhea and intestinal inflammation. Despite this association, the primary 

treatment remains antibiotics, leading to high rates of recurrent infections. 

 

Currently, the estimated rate of relapse averages between 20 and 25% across multiple 

estimates[3-5]. The current rate has more than doubled the estimated recurrence rates from 

15 to 20 years ago of less than 10% [5]. While differences in diagnostic practices of each 

era may contribute to the size of the discrepancy, it is clear that slight changes in dosing 

and treatment strategies have not been effective in reducing these rates despite increased 

awareness of recurrence dating back to the 1980s [6, 7]. Further, the recurrence of C. 

difficile is not limited to a single episode either, with subsequent episodes occurring in 40-

60% of patients who experience a first recurrence [8]. Recurrence could occur through re-

infection via a second exposure or re-growth of persistent spores, though evidence based 

on the timing of recurrent episodes suggests that a re-growth scenario is more likely [3]. 

Continued disruptions of the colonic microflora and a lack of a serum anti-toxin antibody 

response are two of the major factors contributing to an increased risk of recurrence, though 

age and co-morbidities can also contribute [9-11]. In particular, a summation of 

contributing factors has helped to develop a prediction rule for the identification of patients 

at high risk for recurrence [9]. The altered microbiome and immune status during 

recurrence can disrupt treatment of other co-occurring disease states [12, 13]. The 

development of novel treatments and precision medicine advances can help to decrease 

recurrence rates and lower the healthcare burden of CDI. 

 

1.3 Inflammatory bowel disease 

 

Within the last 50 years, the incidence of IBD has greatly accelerated reaching an estimated 

total of 1.6 million Americans in the most recent Crohn’s and Colitis Foundation release, 

corresponding to changes in lifestyle in developed countries. Due to the relatively stable 

genetic susceptibility in this timeframe, it is clear that environmental factors largely 

contribute the pathogenesis of disease [14]. Factors ranging from diet and exercise, hygiene 

and microbiota, and sleep and stress patterns are highly significant in the severity of disease 

and onset of disease flares, resulting in a high degree of variation from patient to patient 

[15].   

 

The pathogenesis of IBD encompasses genetic predisposition, chronic and overzealous 

inflammation, and dysregulated host-microbiome interactions, although the mechanisms at 

the interface of these three-way interactions are incompletely understood [16, 17]. An 

inability to adequately sense microbial, dietary and metabolic components coupled with 

dysregulation of mucosal immune responses may result in IBD which leads to the 

characteristic relapsing periods of intestinal inflammation [18]. The alteration of epithelial 

barrier function increases the susceptibility to the translocation of antigen into intestinal 

layers, impairing the tolerance of the native commensal microflora [19]. This loss of 

immunoregulation generates the increased secretion of pro-inflammatory cytokines 
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creating a period of acute inflammation that is not resolved leading to chronic intestinal 

inflammation.  

 

To suppress inflammation, IBD patients rely on life-long modestly successful treatment 

plans, many of which are accompanied by undesirable side effects [20]. Thus, identifying 

novel targets that modulate tolerance and immune-mediated intestinal inflammation whose 

expression can be modulated by exogenous ligands is significant for reaching an unmet 

clinical need for safer, more effective IBD therapies. 

 

1.4 Influenza infection 

 

Influenza virus A is an orthomyxovirus associated with 3 to 5 million severe infections 

worldwide on a yearly basis [21]. The exposure to and replication of the virus within the 

lungs leads to the development of fever, cough, and other respiratory symptoms lasting two 

weeks and 250,000 to 500,000 deaths per year [22]. The fast mutation rate of the virus 

leads to the need to develop new vaccines for prevalent strains on a yearly basis and create 

the potential for reduction in anti-viral efficacy.  

 

Influenza virus possesses 8 RNA segments, encoding 11 proteins [23]. These genes are 

mainly responsible for the integrity of viral particle, the adhesion and entry of the virus 

into the cell and the replication of the virus. Influenza enters and replicates within epithelial 

cells, which can lead to their necrosis and thinning throughout lung airways [24]. This 

damage to the epithelium can lead to infiltration of neutrophils and other leukocytes and 

the filling of air spaces with edema and fibrin. As active replication of virus is typically 

stopped nearly 5 days post-exposure, the majority of the symptomatic period is rather the 

recovery from infection [24]. Therefore, unless treated immediately at the onset of 

symptoms, the activation of recovery mechanisms may be more efficacious in disease 

progression and the prevention of mortality than traditional anti-viral therapies.  

 

1.5 Precision medicine advances 

 

In both infectious and immune-mediated disease, there is a high level of variability between 

patients in the development, severity and complications to disease. Despite this, the 

majority of infections and chronic diseases have a singular treatment or small group of 

treatments with poorly characterized patient groupings. For example, the currently 

prescribed treatment for mild, severe, and recurrent CDI is antibiotic therapy [25, 26]. 

However, the clinical outcomes and associated pathologies of CDI correlate more with 

markers of intestinal inflammation rather than with the eradication of C. difficile, 

suggesting that the majority of patients could benefit from alternative modes of treatment 

[27]. Recent advances have led to the development of certain alternative strategies target 

the replenishment of the commensal microbiome, such as fecal microbiome transplantation 

or the administration of non-toxigenic C. difficile [28, 29]. 

 

In silico methods have recently been developed for the assessment of novel treatments and 

categorization of patients in tuberculosis, type 1 diabetes and traumatic injury [30-32]. 

While these in silico clinical trials have slight differences in design, the framework remains 
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consistent throughout in a computational model of simulation method, the generation of 

synthetic avatars that vary similar to an authentic population, and the calibration with 

known clinical data [33]. With further development, these methods can help to accelerate 

the progression of therapeutic candidates through the approval process and promote 

confidence in emerging treatments in pre-clinical settings [34].  

 

Beyond the testing of novel treatment methods, computational approaches and advanced 

analytics have fostered the development of tools that provide precision medicine advice 

from the incorporation of high resolution, individual level response data. Notable studies 

utilizing these strategies have assessed personalization in nutrition, coronary artery disease, 

Lyme disease, and respiratory virus infections [35-38]. By measuring variable factors such 

as general anthropometrics, surveys, blood draws, host transcriptomics and molecular 

metabolites, these studies have shown the capability to accelerate the diagnosis of disease 

with sensitivities and specificities exceeding 95%, identify high risk patients that can 

benefit from prophylactic treatment, and predict postprandial glycemic responses with high 

accuracy to aid in glucose control. The harmonization of obtainable omics data with 

clinical observations can lead to the development of similar biosignatures of disease that 

can optimize response to treatment and reduce the likelihood of adverse effects. 

 

1.6 Conclusions 

 

The study of host immune responses to infectious disease and in immune-mediated disease 

enables the discovery and analysis potent immunoregulatory targets that are capable of 

producing beneficial effects across a spectrum of diseases. The synergism of classical 

experimentation with computational modeling and data analytics can greatly accelerate the 

discovery of these targets. Further, these new approaches can also be used in the design of 

systems that inform optimal treatment strategies given inputs on immune, metabolic and 

microbial markers on an individual patient basis.  
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Chapter 2 

 

 

Systems modeling of interactions between mucosal immunity and the gut microbiome 

during Clostridium difficile infection 

 

Andrew Leber, Monica Viladomiu, Raquel Hontecillas, Vida Abedi, Casandra Philipson, 

Stefan Hoops, Brad Howard, and Josep Bassaganya-Riera 

 

Leber A, Viladomiu M, Hontecillas R, Abedi V, Philipson C, Hoops S, et al. (2015) 

Systems Modeling of Interactions between Mucosal Immunity and the Gut Microbiome 

during Clostridium difficile Infection. PLoS One 10: e0134849. 

 

2.1 Summary 

 

Clostridium difficile infections are associated with the use of broad-spectrum antibiotics 

and result in an exuberant inflammatory response, leading to nosocomial diarrhea, colitis 

and even death. To better understand the dynamics of mucosal immunity during C. difficile 

infection from initiation through expansion to resolution, we built a computational model 

of the mucosal immune response to the bacterium. The model was calibrated using data 

from a mouse model of C. difficile infection. The model demonstrates a crucial role of T 

helper 17 (Th17) effector responses in the colonic lamina propria and luminal commensal 

bacteria populations in the clearance of C. difficile and colonic pathology, whereas 

regulatory T (Treg) cells responses are associated with the recovery phase. In addition, the 

production of anti-microbial peptides by inflamed epithelial cells and activated neutrophils 

in response to C. difficile infection inhibit the re-growth of beneficial commensal bacterial 

species. Computational simulations suggest that the removal of neutrophil and epithelial 

cell derived anti-microbial inhibitions, separately and together, on commensal bacterial 

regrowth promote recovery and minimize colonic inflammatory pathology. Simulation 

results predict a decrease in colonic inflammatory markers, such as neutrophilic influx and 

Th17 cells in the colonic lamina propria, and length of infection with accelerated 

commensal bacteria re-growth through altered anti-microbial inhibition. Computational 

modeling provides novel insights on the therapeutic value of repopulating the colonic 

microbiome and inducing regulatory mucosal immune responses during C. difficile 

infection. Thus, modeling mucosal immunity-gut microbiota interactions has the potential 

to guide the development of targeted fecal transplantation therapies in the context of 

precision medicine interventions. 
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2.2 Introduction 

 

Clostridium difficile, a Gram-positive spore-forming, anaerobic bacterium, often colonizes 

the human gastrointestinal tract after disruption of the normal intestinal flora. C. difficile 

infection (CDI) is a leading cause of diarrhea and pseudomembranous colitis in hospital 

acquired infection due to prolonged doses of antibiotics [39]. Based on a study published 

in 2015, the occurrence rate of C. difficile in the United States is 147 cases per 100,000 

people. Additionally, C. difficile is estimated to be responsible for 29,000 deaths per year, 

a 50% increase from the 2007 estimate of 14,000 [40, 41]. The rate of C. difficile-associated 

infections and deaths may be rising due to the emergence of the hyper virulent strains that 

exhibit resistance to traditional fluoroquinolone antibiotics [42]. Paradoxically, standard 

treatment of C. difficile associated disease (CDAD), an illness linked to antimicrobial 

usage, includes administration of more antibiotics such as metronidazole or vancomycin. 

Indeed, this therapeutic approach may contribute to the considerable rates of recurrence, 

estimated to be between 5 to 30% [43]. Recently, alternative strategies have been devised 

to decrease rates of recurrence through use of toxin neutralizing antibodies or gut 

microbiome reconstitution through fecal transplantation [44, 45]. Beyond the implications 

in CDI, the gut microbiome has also been implicated as a predictor of autoimmune and 

inflammatory diseases such as inflammatory bowel disease (IBD) as well as obesity [46]. 

The ability to functionally evaluate the impact of host-microbiota interactions on health 

outcomes could guide the use of reconstitution therapies for the treatment of a wide range 

of human diseases. Additionally, the baiCD gene, which encodes a bile acid processing 

enzyme, allows commensal microbes to utilize host-produced bile salts to synthesize 

metabolites, such as deoxycholate and lithocholate that provide resistance against C. 

difficile [47].  

 

CDI is most often predicated by an alteration in commensal bacteria, usually as a result of 

prolonged administration of broad-spectrum antibiotics [48]. The decrease or removal of 

competitive species allows the vegetative C. difficile in the intestinal lumen to proliferate. 

In accordance with the increased population, there is enhanced production and release of 

the two toxins, TcdA and TcdB, thought to be the main virulent factors in CDI. TcdA is an 

enterotoxin which causes tissue damage and edema as a result of interaction with luminal 

epithelial cells [49]. The disruption of the epithelium by TcdA facilitates the migration of 

TcdB into the lamina propria layer where it triggers multiple immune response 

mechanisms. For instance, TcdB can directly interact with monocytes causing a shift in 

macrophage populations to an M1 phenotype and an increase in the concentration of pro-

inflammatory cytokines [50]. The pro-inflammatory environment combines with the 

effects of TcdA to alter the state of epithelial cells leading to the activation and migration 

of neutrophils into the intestinal lumen [51]. Specifically, the inflamed epithelial cells have 

exhibited increased secretion of interleukin-8 (IL-8), an important cytokine in the creation 

of a gradient inducing neutrophil chemotaxis [52] and a biomarker of severity of disease. 

The migration of and subsequent release of cytotoxic granules from neutrophils reduces 

the pathogen number while also further damaging the epithelium. The presence of 

pathogenic C. difficile also increases accumulation of effector dendritic cells (DC) as a 

result of increased contact rates between the pathogen and immature DC sampling the 
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lumen, and the increased engulfment rate of the bacteria [53]. The prevalence of effector 

DC induces Th1 and Th17 effector responses [54]. These subsets of CD4+ T helper cells 

favor a pro-inflammatory environment in the colonic lamina propria (LP). To modulate the 

inflammatory microenvironment, immature DC are stimulated to become tolerogenic DC 

which induce the differentiation of naïve CD4+ T cells into induced regulatory T helper 

(Treg) cells. For instance, activation of PPARγ, also contributes to a production of Treg 

cells from fully differentiated Th17 cells, adding a second source pathway through 

mechanisms of plasticity [55]. Treg responses suppress mucosal inflammation through 

deactivation of effector dendritic cells, suppression of Th1 responses, and the shift of Th17 

into Treg subsets [56]. Failure to mount this regulatory response may worsen symptoms 

and expected infection outcome. Our modeling approaches have examined how impaired 

regulatory responses may influence pathology and disease. 

 

Computational modeling has shown promise in integrating theory, procedural knowledge, 

and data for capturing the experimental observations in synthetic information processing 

systems and predicting emerging behaviors. Recently, models have been developed in the 

context of bacterial or viral infection and inflammatory diseases [57-59]. Additionally, the 

involvement of various cell types across varying dynamic patterns in mucosal immune 

responses requires improved methodology to understand complex and massively 

interacting host-microbiota networks. Through the creation of a computational host-

microbiome network, the merging of computational and in vivo experimental immunology 

approaches offers the ability to analyze the microbiome-driven changes in the gut immune 

cell composition that have been shown to extend to a systemic alteration of the immune 

environment in the context of multiple diseases [60]. Once calibrated and validated, these 

models become valuable tools to generate novel hypotheses and guide the design of 

innovative non-intuitive experiments in vivo. In addition, the validated models could 

contribute to the development of microbiome-based therapeutics for the prevention and 

amelioration of disease. 

 

It has been shown that a shift towards a pro-inflammatory phenotype, specifically a Th17-

driven response with a decreased Treg cell population occurs due to a lack of PPARγ in 

CD4 T cells, leading to increased disease symptoms and colonic pathology during CDI 

[61]. To further understand these cellular dynamics and the overall host response to the 

bacterium, we have generated a tissue-level computational model of C. difficile infection 

using ordinary differential equations (ODEs) to describe the experimentally observed 

dynamics from individual cells to the gut mucosal immune system. In addition to the 

immune response, the model incorporates the interactions between host, pathogen and 

commensal bacteria and can be customized to model other bacteria and associated 

conditions. Modeling results illustrate the relative impacts of regulatory and effector 

components of the mucosal immune response in the clearance of C. difficile and damage 

to the colonic mucosa. Model predictions highlight the role of the host microbiome re-

growth in controlling the immune response and CDI dynamics at the colonic mucosa. 

 

2.3 Modeling mucosal immune responses to Clostridium difficile infection 
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The model topology is shown in Fig. 1. The network represents the immune response to 

CDI in the colonic mucosa. The C. difficile immune response model incorporates three 

reactions for the C. difficile species (Cdiff), which are activated or inhibited by seven host 

or gut microbiota modifiers. The Cdiff species may proliferate. The proliferation reaction 

is activated by the infection-exacerbating commensal species, CommH, and inhibited by 

the protective commensal species, CommB. The Cdiff species may also die, in which the 

Cdiff population is reduced. The latter is triggered by the activated macrophage species, M, 

as well as the activated neutrophil species, NLum. Cdiff death is also inhibited by the CommH 

species. Furthermore, Cdiff may interact with a dendritic cell, iDCEp, to produce an 

activated dendritic cell, with the effector and tolerogenic balance regulated by the 

comparative population of CommB to the dead commensal species, CommD. In addition, 

the Cdiff species acts as a modifier of five reactions: the inflammation of colonic epithelial 

cells, the activation and migration of neutrophils, the activation of macrophages, the death 

of Treg cells, and the plasticity between Treg and Th17 CD4+ T cell subsets. The 

computational model is comprised of four compartments (lumen, epithelium, lamina 

propria and mesenteric lymph nodes) and 23 species whose interactions are described by 

30 reactions. The resulting ordinary differential equations (ODE) utilize 49 parameters to 

describe the dynamics of the system. Parameter values were determined using data 

generated through a murine model of CDI.  

Figure 2.1. Network topology of model illustrating mucosal immune responses to Clostridium 

difficile. Systems biology markup language (SBML) compliant network of interactions between C. 

difficile and cellular immune components created in CellDesigner. Reaction modifiers connect cell 

nodes to reaction arrows with green as indication of activation and red of inhibition. Species consist 
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of C. difficile (Cdiff), infection-exacerbating commensal bacteria (CommH), protective commensal 

bacteria (CommB), dead commensal bacteria (CommD), epithelial cells (E), inflamed epithelial 

cells (Ei), neutrophils (N), macrophages (M), dendritic cells (tDC and eDC), T cells (nT, Treg, 

Th17, Th1) existing in multiple compartments lumen (Lum), epithelium (EP), lamina propria (LP), 

and mesenteric lymph node (MLN).  

 

2.4 Kinetics of Clostridium difficile-induced CD4 T cell responses in mice 

 

A time course study was performed to evaluate changes in immune cell composition 

following CDI. On days 1, 3, 4, 5, 7, 8, and 10 post-infection, colons and MLN were 

collected, processed and assayed to determine alterations in immune cell subsets by flow 

cytometry conducted in two sets. In addition, colonic contents were collected and plated to 

measure the C. difficile population size. The response to infection was observed to be Th17 

dominant with a large neutrophilic influx in the colonic mucosa. Chronologically, the pro-

inflammatory response, marked by an increase in the Th17 effector cell subset, was 

initiated between days 3 and 4 post-infection (Fig. 2b). The Th17 response peaked on day 

five post-infection and corresponds with the largest increase in macrophage accumulation. 

In contrast a regulatory response, characterized by the accumulation of 

CD4+CD25+Foxp3+ Treg cells was detected between days 8 and 10, and preceded by a 

slight suppression between days 4 and 7 post-infection (Fig. 2a). Bacterial re-isolation from 

colonic contents displayed that the peak of the C. difficile population occurred on day 4 

post-infection and the bacterium was largely cleared by day 8 (Fig. 2c). The data displays 

that CD4+ T cells may crucially contribute to the response to CDI. For this reason, these 

populations were foundational elements of the computational model. Combined, this data 

displays that while the peak of the C. difficile population occurs on day 4 post-infection, 

important events continue to occur through day 10 post-infection. The results established 

key time points during infection for the evaluation of simulation results such as the peak 

of C. difficile population between days 3 and 4, of the inflammatory response between days 

4 and 5, and of the regulatory response between days 8 and 10. Additional data from Buffie, 

et al. was used to calibrate the commensal populations with 16S analysis of the host 

microbiome regrowth following antibiotic ablation [47]. Data from Blake, et al. was used 

in combination with generated data to calibrate neutrophil populations [62]. Epithelial cells 

were calibrated with a combination of previously reported data [63, 64]. The data from two 

time courses of infection was compiled into separate calibration and validation datasets. 

The calibration dataset includes data gathered during the first experiment on days 1, 4, 7 

and 10 post-infection as well as further sourced data from intermediate days. The validation 

dataset includes data generated on days 3, 5 and 8 post-infection. Parameters for the 

computational model were estimated using Particle Swarm and Genetic algorithms as 

implemented in COPASI [65]. The calibrated ODE model is able to replicate the dynamics 

observed in the time course of infection shown in Fig. 3. 
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Figure 2.2. Time course of Clostridium difficile infection in mice. (a and b) Flow cytometry 

analysis of colonic lamina propria lymphocytes from days 1 to 10 post-infection showing the 

differences in CD4+ CD25+ FoxP3+ regulatory T (Treg) and CD4+ IL17+ T helper 17 (Th17) 

cells, respectively, between control and C. difficile challenged wild type mice. (c) Re-isolation data 

of C. difficile from colonic contents from day 1 to day 8 post-infection. Data points and error bars 

represent mean ± standard error of the mean (SEM). Asterisks (*) mark significance (P≤0.05) in 

comparison between control and C. difficile infected mice (n=10). 
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Figure 2.3. Simulated dynamics of mucosal immune response to Clostridium difficile. 
Modeling results following calibration and validation of the host response model in populations of 

(a) C. difficile, (b) protective commensal bacteria, (c) infection-exacerbating commensal bacteria, 

(d) lamina propria T helper 17 cells, (e) effector dendritic cells, (f) infiltrating neutrophils, (g) 

regulatory T cells, (h) tolerogenic dendritic cells and (i) activated macrophages. Lines represent 

simulation results, filled points represent experimental calibration data and unfilled points represent 

experimental validation data. 

 

2.5 Sensitivity analysis helps identify determinants of C. difficile population control and 

epithelial damage 

 

The clearance of C. difficile and colonic epithelial damage are two interconnected end 

effects that contribute to the overall infection severity. Sensitivity analysis on the 

computational model was used to determine which parameters in the network had the 

greatest influence on these factors. Each quantity has a distribution of parameter impacts 

with a large number of low impact parameters centered around zero, and smaller amounts 

with both positive and negative effects at larger magnitudes (Figs. 4a and b). In each case 

the very large impact parameters are, by majority, directly involved with the population 

being analyzed. Because of this direct relation, little can be gained beyond what is naturally 

intuitive from delving into these parameters further. As a result, these parameters were not 

evaluated further.  Parameter 5 through 8 in Fig. 4c were associated with an increase in the 

C. difficile population in the lumen and included the degradation and death rates of effector 
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immune cells, macrophages, neutrophils and Th17 cells, as well as the death rate of 

commensal species. In contrast, the production of effector DC, parameter 1, greatly 

contributed to a decrease in the C. difficile population. The impact of balancing regulatory 

and effector arms of the mucosal immune response is also displayed through effects on 

epithelial cell death (Fig. 4d). The induction of the Treg cell response through the 

production of tolerogenic DC (P1), plasticity with Th17 cells (P2) and a regrowth of 

commensal bacterial species (P3) possess strong decreasing effects on the amount of 

epithelial cell death. 

 
 

 
Figure 2.4. Relative effects of parameters on Clostridium difficile population and epithelial 

cell death. (a and b) Histograms showing the distribution of parameter impact on C. difficile 

population and epithelial cell death, respectively. Measurements are based on sensitivity analysis 

of the calibrated model. (c and d) Highest impact parameters for each quantity in which positive 

amounts indicate an increasing effect on the quantity and negative amounts indicate a decreasing 

effect. For the C. difficile population results, P1 contributes to effector dendritic cell production, 

P2 to neutrophil activation and migration, P3 to protective commensal bacteria regrowth, P4 to 

macrophage activation, P5 to commensal bacteria death, P6 to macrophage death, P7 to Th17 cell 

death, and P8 to neutrophil death. For epithelial cell death, P1 contributes to tolerogenic dendritic 
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cell production, P2 to Th17 to Treg cell plasticity, P3 to commensal bacteria death, P4 to Treg to 

Th17 cell plasticity, P5 to macrophage activation and P6 to C. difficile growth. 

 

2.6 Increased production of anti-microbial peptides by epithelial cells exerts an inhibitory 

effect on beneficial commensal microbiota species 

 

Quantitative RT-PCR analyses conducted on colonic contents demonstrated a difference 

in commensal species regrowth between C. difficile challenged and control mice (Fig. 5a). 

After intraperitoneal injection of clindamycin, amount of the baiCD gene is reduced 1.5 

orders of magnitude on day zero compared to the initial amount on day 5 pre-infection, 

showing a dramatic reduction of protective commensal species after administration of 

antibiotics. Additionally, prior to challenge, there is no significant difference between the 

two experimental groups. The control mice quickly recover nearly one-third of baiCD 

containing microbiota levels as early as day one with slight fluctuations around that point 

for the remainder of the time course. After C. difficile challenge, the baiCD containing 

microbiota levels continue to decrease through day 5 post-infection. The level begins to 

rebound to pre-challenge amount by day seven. The difference between the C. difficile 

challenged and control levels of baiCD content suggest that a C. difficile- or immune-

mediated effect is present during CDI that prevents the regrowth of protective commensal 

species. The colonic expression of anti-microbial peptides, DefB1 and S100A8, was 

assayed by using qRT-PCR. The expression of DefB1 is significantly upregulated on days 

2 and 4 post-infection in colonic contents of C. difficile infected mice before returning to 

control level on day 6 (Fig. 5b). Concurrently, the expression of S100A8 in the C. difficile 

challenged mice followed that of the uninfected controls with the exception of a 

significantly upregulated peak on day 4 post-infection (Fig. 5c).  

 

 
 
Figure 2.5. Commensal bacteria regrowth inhibited with Clostridium difficile infection. (a) 

The baiCD content is decreased by antibiotic treatment in both control and C. difficile challenged 
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mice and further decreased post-infection in the C. difficile challenged mice compared to the 

controls. (b and c) The expression of anti-microbial peptides DefB1 and S100A8 are upregulated 

with infection. Data points and error bars represent mean ± standard error of the mean (SEM). 

Asterisks (*) mark significance (p≤0.05) in comparison between control and C. difficile infected 

mice (n=10). 

 

2.7 Removal of commensal bacteria regrowth inhibition alters host response to infection 

 

To display the effect of neutrophil and epithelial cell-derived anti-microbial peptides on 

the regrowth of commensal species, four scenarios were considered. A simulation exists 

for the combined inhibition by neutrophils and inflamed epithelial cells (NE), by only 

neutrophils (N), by only inflamed epithelial cells (E) and by neither. In both the NE and E 

simulations, the initial regrowth of beneficial commensal species, within the first two days 

post-infection, is slowed compared to the uninhibited case (Fig. 6a). In comparison, the N 

simulation follows a similar pattern to the uninhibited case over the same time period. The 

NE simulation displays a reduction in beneficial commensal species following the initial 

stage and continuing through day 5 post infection. This reduction and deviation from 

regrowth of baiCD content on day 5 is representative of the in vivo data displayed in Fig. 

5a. The NE simulation further mimics the in vivo situation with a clear commitment to 

regrowth from day 5 to day 7. The N simulation has a similar trend to a smaller degree 

while the uninhibited and E simulations show continuation of their respective initial trends. 

In the final stage of the simulation, the N and NE cases return to increasing trends. The 

regrowth begins to slow in the uninhibited case and has an even greater deceleration in the 

E simulation. The E simulation showed little change in the C. difficile population at the 

peak of infection and a delayed clearance (Fig. 6b) compared to the NE simulation. Both 

the N and uninhibited simulations displayed small reductions of C. difficile at the peak of 

infection relative to the NE case; however, only the uninhibited case cleared the Cdiff 

species by an earlier time point. The three altered simulations had reductions in peak 

neutrophil activation and influx compared to the NE case as well as occurring at slightly 

earlier times (Fig. 6c). Each simulation possessed a larger iTreg peak in comparison to the 

NE case prior to converging to a similar resolution (Fig. 6d). Only the uninhibited 

simulation greatly altered the timing of the peak in the iTreg response with an advance of 

approximately one half of a day.  
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Figure 2.6. In silico simulation of altered commensal bacteria regrowth during Clostridium 

difficile infection. Four cases were tested with variations to the inhibition of the commensal 

bacteria growth: inhibited by both neutrophils and inflamed epithelial cells (N and E_i), by only 

neutrophils (N), by only inflamed epithelial cells (E_i), and by neither (none). Resulting changes 

in species populations for each case are shown: (a) baiCD-containing commensal species, (b) C. 

difficile, (c) activated neutrophils, and (d) iTreg cells in the lamina propria. 

 

2.8 Discussion and Conclusions 

 

CDI is a rising problem in the health care system. The standard treatment of infection is 

the discontinuation of any previous antibiotics and the administration of a new antibiotic 

regime. While the treatment is effective in certain cases, it can also result in significant 

rates of re-occurrence of CDI starting from a baseline of 25% [66]. Currently, numerous 

methods of alleviation of these treatment methods are under investigation, including the 

development of vaccines, toxin-based antibodies and microbiome reconstitution [45, 67, 

68]. In this study, we used computational modeling in combination with immunology 

experimentation in vivo in an iterative systems biology cycle to better understand the 

dynamics of infection and the mechanisms of immunoregulation underlying mucosal 

immune responses to C. difficile. 

 

The computational model described captures the roles and dynamics of multiple immune 

and epithelial cell types at the colonic mucosa during the course of CDI (Fig. 3). The 

validated model enables the initial testing of interventions or modulation hypotheses aimed 

at the improvement of the understanding or treating the CDI. This model could also be used 

as a tool in determining crucial time points for data collection to maximize the utility of 
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specific pre-clinical and clinical studies. The combined effect of initial testing and targeted 

time points may greatly improve the cost-efficiency of wetlab experimentation. The model 

replicates other previously reported experimental results. For instance, treatment with anti-

Gr-1 reduces both neutrophil and monocyte levels in the context of a mouse model of C. 

difficile infection [69]. However, the reduction does not result in a large change in either 

the C. difficile population or disease severity, which also can be shown through varying 

parameter values and the resulting neutrophil and monocyte levels in silico. The association 

between antibiotic use and recurrence of CDI has been described clinically [66]. Following 

a simulated reduction of all bacterial species after the initiation of the time course study, 

the clearance of C. difficile is incomplete and results in the occurrence of a second peak at 

a time beyond when complete resolution would occur without intervention. Together with 

our own generated data, these published experiments serve to verify and validate the ability 

of the computational model to replicate an in vivo infection and produce reliable 

predictions. 

 

The presence of a robust pro-inflammatory mucosal immune response following CDI at 

the colonic mucosa is a crucial determinant of the resulting severity of infection. Sensitivity 

analyses demonstrate that the induction of a regulatory response decreases damage to the 

epithelium following CDI (Fig. 4). Specifically, parameters controlling the production of 

tolerogenic DC and the plasticity of Th17 cells to become Treg cells are highly associated 

with decreased epithelial damage. However, the induction of regulatory responses can also 

slow C. difficile clearance and increase the overall length of infection, as the removal of 

pro-inflammatory cell types is largely associated with a larger C. difficile population. In 

sensitivity analyses, parameters relating to the production of activated dendritic cells show 

a large effect in comparison to other parameters. While this may be partially due to the 

sequential nature of the dendritic cell section of the model network, further investigation 

of this behavior could be very insightful and immunologically relevant. In many cases, C. 

difficile acts as a non-invasive pathogen and the resultant damage is toxin-mediated [70]. 

However, the epithelium, after damage by the toxins, is still breached, often by bacterial 

species present in the healthy microbiome that do not normally exhibit pathogenic behavior 

[71, 72]. Toxin-mediated activation of immune cells occurs, but dendritic cells could 

potentially exert control over the reactivity to non-C. difficile infiltrating bacteria. From 

the high sensitivities in model analysis, the relative ability or inability of dendritic cells or 

mononuclear phagocytes to maintain tolerogenic responses to commensal bacteria may 

contribute to the variation in disease severity between patients. Specifically, dendritic cells 

appear to act as the main drivers of establishing the Th17 response during the peak of 

infection that controls the pathogenic bacterial population, while also acting as a crucial 

element in the switch to an iTreg-dominated state during resolution. Similar impact of 

dendritic cells could be seen in other infections that cause broad damage to the epithelium 

or are a result of a non-invasive pathogen. Indeed, CX3CR1+ mononuclear phagocytes, a 

population with similar functions to macrophages and conventional dendritic cells, has 

been shown to prevent reactions to commensal bacteria via driving the differentiation of 

innate lymphoid cells into subclasses that promote maintenance of barrier integrity and 

intestinal homeostasis. Recently, these populations have been implicated in the prevention 

of disease in the context of inflammatory bowel disease and H. pylori [73]. The use of 

computational modeling in precision medicine may allow for the determination of a proper 
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balance between pro-inflammatory and regulatory arms of the mucosal immune response 

in the context of new therapeutic interventions.  

 

CDI is associated with the use of broad-spectrum antibiotics, and microbiome 

reconstitution through fecal transplantation or probiotic treatment has gained some traction 

with varying degrees of success [74, 75]. The unspecific nature of these treatments results 

in the proliferation of a spectrum of Bifidobacterium that promotes tolerance to commensal 

species. However, the C. difficile population dynamics may be unchanged or poorly altered 

as a result. Among other methods of inhibition, the growth of C. difficile has been shown 

to be slowed by the presence of secondary bile acids [76, 77]. Recently, specific commensal 

species, that convert primary bile acid to secondary bile acids, have displayed a protective 

ability against C. difficile infection [47, 78]. However, the presence of C. difficile indirectly 

inhibits the regrowth of these commensal species. Anti-microbial peptides DefB1 and 

S100A8 are upregulated in colons of C. difficile-infected mice at distinct time points during 

infection (Fig. 5). DefB1, the gene responsible for beta-defensin-1 produced largely by 

epithelial cells, is upregulated early and for an extended period in the time course between 

days 2 and 4 post-infection [79]. While beta-defensin-1 has broad membrane lysis ability, 

it has its largest effect on gram-negative bacteria [80]. Notably, C. scindens, a highly 

prevalent member of bile acid inducible operon containing microbiome, is gram-negative. 

The combination of elevated beta defensin-1 and the susceptibility of a major constituent 

of the beneficial microbiome to this anti-microbial peptide suggest a strong probability that 

the host response to C. difficile is also inhibitory to the regrowth of beneficial commensal 

strains. In contrast, expression of S100A8, a component of calprotectin sourced mainly 

from neutrophils and monocytes, is elevated with a distinct peak on day 4 corresponding 

with the peak of neutrophil activation [81]. The combined anti-microbial activity may 

contribute to decreased efficiency in the regrowth of the native microbiome during CDI 

suggested by computational experimentation (Fig. 6). The simulated removal of epithelial 

cell-related inhibition of commensal bacterial regrowth in the model allows for an 

increased amount of beneficial commensal species early in the infection, resulting in 

slightly decreased C. difficile levels through direct competitive effects on the population 

itself and indirectly through down-regulation of neutrophil and Th17 cell-mediated effector 

responses. The alterations within the C. difficile population during this simulation would 

be unlikely to significantly affect the initial establishment of a clinical cure through 

clearance of C. difficile [82]. However, the lack of effect is still an important result as it 

suggests that the simulated changes do not result in an inhibition of C. difficile clearance 

or a worsening of the hypothetical prognosis. Additionally, the increased and quicker re-

growth of commensal bacteria would likely exhibit greater direct effects on the C. difficile 

population through the prevention of relapse. The lack of microbial diversity is a major 

predictor of relapse susceptibility [83]. The return of this diversity would greatly reduce 

the capacity for the persisting C. difficile population to expand back to pathogenic levels. 

During the course of the initial infection, the effect of continued commensal re-growth is 

largely immunomodulatory rather than displaying a large effect on the C. difficile 

population. Continued commensal re-growth throughout the time course displays an ability 

to shorten the length of CDI and decrease the overall magnitude of the inflammatory host 

response at the colonic mucosa and resultant collateral damage. This suggests a need for a 

microbiome reconstitution intervention to restore beneficial effects in terms of the C. 
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difficile growth inhibition and regulation of a pro-inflammatory environment. The ability 

to further increase the specificity and success of microbiome reconstitution therapies can 

be aided by computational modeling.  

 

Neutrophilic influx is a major cause of symptom severity as indicated by sensitivity 

analysis of our model (Fig. 4) and previously reported connections [84, 85]. Subsequently, 

the chemokine, IL-8, has been studied as a potential marker for severity and prognosis in 

the diagnosis of C. difficile infection [86]. In addition to IL-8, other promising biomarkers 

of C. difficile associated disease severity include the antimicrobial peptide calprotectin, 

hepatocyte growth factor, and procalcitonin [87-89].  A future direction in the analysis and 

application of multiscale models of CDI could be the determination of a non-intuitive vital 

node in the network; the latter may allow for the extrapolation of easily measurable 

biomarkers of disease in the context of data-driven models and multiscale models of 

mucosal immune responses [90]. Consequently, the discovered marker could indicate the 

stage of infection or the need for or extension of treatment.  Methods have been described 

based on the correlational evaluation of model quantities in virtual populations and global 

sensitivities in the analysis and discovery of potential biomarkers in the context of 

lipoprotein metabolism and acute inflammation, respectively [91, 92]. The sensitivity 

analysis allows for the determination model parameters that are most impactful on immune 

response and infection outcome. Both methods illustrate the difficulty in the determination 

of biomarkers without the aid of computational modeling due to the inherent variation of 

expression levels between individuals. As we have demonstrated the potential changes in 

mucosal immune response following modifications to the microbiome composition, 

measurement of beneficial commensal bacterial metabolites, such as deoxycholate and 

lithocholate, in combination with the computational modeling simulations could help 

predict the effectiveness of fecal microbiota transplantation and other therapeutic or 

prophylactic interventions on a patient-to-patient basis or prove to be an effective predictor 

of untreated outcome. The generation of a synthetic population through a random sampling 

of parameter values within a normal distribution of the calibrated values would allow for 

these predictions to be extended into in silico clinical trials of CDI. 

 

The model developed and analyzed in this article was specific for the host response to C. 

difficile; however, many of the strategies used for this purpose can be extended to better 

the understanding the responses to other enteric pathogens and inflammatory conditions. 

Specifically, while fecal transplantation and microbiome reconstitution may be more 

greatly established in the context of CDI, the concept of promoting the growth of beneficial 

bacteria could have wide reaching implications in the understanding of mucosal immunity. 

Currently, there is an increasing prevalence of auto-immune and auto-inflammatory 

diseases, especially within developed countries [93]. One hypothesis is that improved 

hygiene and the resultant reduction in microbial exposure have led to decreased regulation 

of the immune system and an over-exuberant response when an exposure does occur [94]. 

Additionally, the ability of the host to generate an accommodating environment for 

commensal species, such as through the secretion of polysaccharides, has been shown to 

affect the susceptibility to disease [95, 96]. Through the creation of a computational model 

describing the interactions of bacterial families with the epithelium and elements of the 

mucosal immune system, an enhanced understanding of which species contribute to the 
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susceptibility and severity of the response could be generated. Furthermore, this increase 

in knowledge could contribute to the development of targeted pro-biotic and reconstitution 

therapies to combat the rising rates of auto-immune and auto-inflammatory disease and 

altered microbiomes resulting from genetic and environmental differences.   

 

In conclusion, we have examined the time course of the immune response to C. difficile 

infection through a combination of experimental and computational approaches using an 

iterative systems biology cycle. We described the importance of maintaining a balance 

between effector and regulatory arms of the mucosal immune response in the clearance of 

pathogen and severity of infection. Specifically, the production of anti-microbial peptides 

may exacerbate disease and pathology, and prolong the CDI due to non-specific inhibition 

of commensal bacterial regrowth. Computational simulations supported the role of this 

inhibition on the disease severity with a virtual removal of neutrophil and epithelial cell 

derived anti-microbial inhibitions, separately and together, on commensal bacterial 

regrowth. The simulated shifts in host response behavior provide novel insights underlying 

the mechanisms of interaction between the mucosal immune system and the gut microbiota 

during CDI. 

 

2.9 Materials and methods 

 

Ethics Statement 

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of Virginia Tech and met or exceeded requirements of the Public 

Health Service/National Institutes of Health and the Animal Welfare Act. The IACUC 

approval ID for the study was 12-173-VBI. C57BL/6J wild type mice were bred and 

maintained in experimental facilities at Virginia Polytechnic Institute and State University. 

Mice were housed two to five per cage on a ventilated rack in a room with a standard 12 

hours on, 12 hours off light cycle. The animals were given ad libitum access to standard 

rodent chow and water. After infection, mice were monitored daily for signs of disease 

severity and weighed. Four hour checks were triggered when an animal reached a score of 

three. Mice were euthanized prior to scheduled end point if severe signs of illness, such as 

a large weight loss, piloerection or a loss of mobility, were present. All mice were 

euthanized with carbon dioxide narcosis and a secondary cervical dislocation. 

C. difficile Animal Model 

This study followed a previously reported model of Clostridium difficile infection [97]. 

Prior to bacterial challenge, mice were treated with a mixture of antibiotics in drinking 

water. The mixture consisted of colistin 850 U/mL (4.2 mg/kg), gentamycin 0.035 mg/mL 

(3.5 mg/kg), metronidazole 0.215 mg/mL (21.5 mg/kg), and vancomycin 0.045 mg/mL 

(4.5 mg/kg). Mice were kept on the antibiotic water for a three day period corresponding 

to days 5 to 3 prior to challenge. The mice were returned to standard autoclaved water two 

days before challenge. The mice were given an intraperitoneal injection of clindamycin, 32 

mg/kg, one day prior to infection. The control group received the same antibiotic 

pretreatment. The infected group was challenged through intragastric gavage with 

Clostridium difficile strain VPI 10463 (ATCC 43255) 107 cfu in 200 uL/mouse of Brucella 

broth. Mice were weighed and scored daily to assess the presence of disease symptoms 
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(diarrhea, piloerection, hunchback position, etc.). Mice were sacrificed through CO2 

narcosis and secondary cervical dislocation at different time points (days 1, 3, 4, 5, 7, 8, 

10) post infection. 

Sample Processing 

Mesenteric lymph nodes and colons were collected. Mesenteric lymph nodes (MLN) were 

crushed using the frosted ends of microscope slides. Samples were centrifuged and washed 

with phosphate buffered saline (PBS) containing 5% fetal bovine serum (FBS) and Golgi 

stop. Cells were centrifuged and re-suspended in FACS buffer and counted using BD 

Coulter cell counter. Colon samples were washed in BD Cell Recovery Media to remove 

epithelial cells. Remaining tissue was degraded in RPMI containing collagenase and 

DNase at 37°C while stirring. Samples were filtered using and centrifuged. Remaining cells 

were re-suspended and purified in a Percoll gradient. Cells at the Percoll interface were 

collected and counted.      

Flow cytometry  

MLN and colonic lamina propria lymphocytes were plated in 96 well plates (6x105 

cells/well). Cells were incubated with fluorochrome conjugated antibodies to extracellular 

markers, anti-CD45 APC-Cy7, anti-CD3 PE-Cy5, anti-CD4 PE-Cy7, anti-CD25 biotin, 

anti-CD64 PE, anti-CD11b AlexaFluor700, anti-F4/80 PE-Cy5, anti-CD11c FITC, anti-

Gr1 PE-Cy7, anti-Ly6c PerCP-Cy5.5, and anti-MHC-II biotin. Samples needing a 

secondary staining were incubated with Streptavidin-Texas Red. The samples were then 

fixed and permeabilized. Cells were incubated with antibodies to intracellular markers, 

anti-FoxP3 FITC, anti-IL-10 APC, anti-RORγT PE, and anti-IL-17 APC. Data was 

acquired with a BD LSRII flow cytometer and analyzed using FACS Diva software (BD 

Pharmingen). 

Bacterial re-isolation 

Colonic contents were collected from excised colons. Samples were homogenized in 

Brucella broth and incubated at 68°C for one hour. Samples were centrifuged at 10,000 

rpm for 30 seconds and the supernatant was collected. The supernatant was serially diluted 

(1:10, 1:100, 1:1000) and plated on Oxoid Clostridium difficile agar plates containing 

Clostridium difficile selective supplement. Plates were incubated in anaerobic conditions 

using a BD EZ anaerobic container system kit for 2 days at 37°C. Colonies were counted 

and compared to sample weight for normalization. 

Gene expression 

Total RNA was isolated from mouse colonic contents using a Qiagen RNA isolation mini 

kit. Complementary DNA (cDNA) was generated from each sample using the iScript 

cDNA synthesis kit. Standards were produced through a polymerase chain reaction on the 

cDNA with Taq DNA polymerase from Invitrogen. The amplicon was purified using the 

Mini-Elute PCR purification kit from Qiagen. Expression levels were obtained through 

quantitative real-time PCR on a Bio-Rad CFX 96 Thermal Cycler using the Bio-Rad SYBR 

Green Supermix. For analysis, the starting amount of anti-microbial peptide cDNA was 

compared to that of beta-actin, as a control. Primer sequences are provided in supplemental 

information (S3 Table). 
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Computational modeling 

The generation of a computational model was used in combination with experimental 

methods to improve our understanding of gathered data, to create a more systematic 

experimental process and to generate new knowledge. The model generation was a multi-

step process, including the creation of a model network, calibration and validation of the 

model equations, analysis of the model, and execution of in silico simulations. The 

structure of the computational model, which includes the species and their interactions, 

was constructed in CellDesigner, a Systems Biology Markup Language (SBML) compliant 

software. The network was generated based on a combination of generated time course 

data and a thorough literature review and depicts the cellular host involving interactions 

between dendritic cells, T helper cells, macrophages, neutrophils, epithelial cells and 

commensal bacteria. The model was imported into Complex Pathway Simulator (COPASI) 

software[65]. In COPASI, the interactions and transitions were assigned ordinary 

differential equations representing multiple kinetics including mass action, simple 

activation and Hill-type activation and inhibition, available in supplemental information 

(S1 File). The resulting parameters were estimated using Particle Swarm and Genetic 

algorithms with time course data generated through the mouse model of infection on days 

1, 4, 7 and 10 in addition to extra days post-infection  included in sourced data. The 

parameter search algorithms seek to minimize the sum of squares for the calibration 

dataset. To further train the model, a separate dataset set containing data from days 3, 5, 

and 8 post-infection was used as a validation dataset. In the parameter estimation process, 

the sum of squares for the validation dataset is monitored but not minimized. Rather an 

increase in the sum of squares for the validation dataset is used as a stop criterion for the 

search algorithm which serves as a preventative measure against over-fitting. Parameters 

values and further information on the parameter fitting process are available in 

supplemental information (S1 Table and S2 File ). Time course simulations were conducted 

using an LSODA deterministic method. The model displays the ability to represent 

activation, differentiation and death of the cell types involved and allows for distinctions 

to be made in patterns and sequences of events. Local sensitivities were calculated through 

numerical differentiation using a finite difference method with delta factor 0.001 and delta 

minimum 1x10-12. The sensitivity analysis was used to elucidate the combination of direct 

and indirect effects. Furthermore, all model quantities had on specific outcome events 

which allows for the identification of potential target nodes with which a desired change 

can be induced. In silico simulations on the effects of anti-microbial inhibition of 

commensal regrowth were conducted through modification of the CommB to CommD 

transition. The resulting changes were observed in a time course simulation.  

Model assumptions 

Initial particle numbers are assumed to be representative of a post-antibiotic ablation state 

in which commensal species are greatly reduced. The model requires an initial amount of 

the Cdiff species to be present for the response to be initiated. Reactions may represent 

direct cell-to-cell contact (sensing of C. difficile by dendritic cells), cytokine- or toxin-

mediated effects (the differentiation and activation of CD4+ T cell populations), or cellular 

movement (migration of T cells from the mesenteric lymph nodes to the lamina propria). 

Cross-compartmental reactions are possible through the environmental changes induced 

by the effector cell in the reaction. The model assumes that protective commensal species 
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follow a regrowth pattern similar to a summation of Clostridiaceae, Ruminococceae, 

Verrucomicrobiaceae, Porphyromonadaceae, Turicibacteraceae, and Eubacteriaceae 

bacterial families, while the infection-exacerbating population is assumed to follow that of 

Enterobacteriaceae, Streptococcaceae, and Enterococcaceae families. Reactions in the 

model may be simplifications of multi-step processes. Non-informative parameters were 

eliminated from the model through simple deletion of the reaction or fusion with a related 

neighboring reaction. Parameters were deemed non-informative through local sensitivity 

analysis within COPASI using numerical differentiation through finite differences. For 

instance, the initial model contained separate steps for the activation and migration of 

neutrophils. Because the sensitivity to the migration parameter was five orders of 

magnitude less than the sensitivity to the activation parameter, the reaction corresponding 

to the migration was combined into the activation reaction. 

Statistical analysis 

A one way analysis of variance (ANOVA) was performed to determine significance in the 

data using a SAS (SAS Institute) general linear model procedure. Differences of p≤0.05 

were considered significant. Data was comprised of multiple experiments. The number of 

samples per for each group at each time point varied between five and eight. Data is 

displayed as mean values with error bars representing standard error of the mean and 

asterisks to mark significance. 
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Leber A, Hontecillas R, Tubau-Juni N, Zoccoli-Rodriguez V, Hulver M, et al. (2017) 

NLRX1 Regulates Effector and Metabolic Functions of CD4+ T Cells. J Immunol 198: 

2260-2268. (http://www.jimmunol.org/) 

 

3.1 Summary 

 

Nucleotide oligomerization domain (NOD) like receptor X1 (NLRX1) has been implicated 

in viral response, cancer progression and inflammatory disorders; however, its role as a 

dual modulator of CD4+ T cell function and metabolism has not yet been defined. The loss 

of NLRX1 results in increased disease severity, populations of T helper 1 and T helper 17, 

and inflammatory markers (IFNγ, TNFα, and IL-17) in mice with DSS colitis. To further 

characterize this phenotype, we employed in vitro CD4+ T cell differentiation assays and 

show that NLRX1 deficient T cells have a greater ability to differentiate into inflammatory 

phenotype and greater proliferation rates. Further, NLRX1-/- cells have a decreased 

responsiveness to immune checkpoint pathways and greater rates of lactate dehydrogenase 

activity. When metabolic effects of the knockout are impaired, NLRX1 deficient cells do 

not display significant differences in differentiation or proliferation. To confirm the role of 

NLRX1 specifically in T cells, we used an adoptive transfer model of colitis. Rag2-/- 

recipient mice of NLRX1-/- naïve or effector T cells experienced increased disease activity 

and effector T cell populations, while no differences were observed between groups 

receiving wild-type or NLRX1-/- regulatory T cells. Metabolic effects of NLRX1 

deficiency are observed in a CD4-specific knockout of NLRX1 within a C. rodentium 

model of colitis. The aerobic glycolytic preference in NLRX1-/- is combined with a 

decreased sensitivity to immunosuppressive checkpoint pathways to provide greater 
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proliferative capabilities and an inflammatory phenotype bias leading to increased disease 

severity.   

 

3.2 Introduction 

 

Nucleotide oligomerization domain (NOD) like receptor X1, NLRX1, is a pattern 

recognition receptor and a member of the negative regulatory subclass of NLRs [1-3]. 

Previously, NLRX1 has been linked to the viral response, innate immunity and downstream 

effects on NF-κB signaling [4-7]. Located on the outer mitochondrial membrane, NLRX1 

has been shown to influence reactive oxygen species production and the proliferation of 

epithelial cells in the context of colorectal cancer disease models [8-10]. As such, NLRX1 

is a potential immunoregulatory molecule that integrates immune and metabolic function. 

However, its role in the adaptive mucosal immune response, specifically CD4+ T cells has 

not been described.  

 

The differentiation of T cells is an important determinant in the progression of immune-

mediated disease and response to infectious disease contributing to exacerbated and 

sustained inflammatory responses [11-14]. As amplifiers or controllers of the immune 

response, CD4+ T cells are highly sensitive and responsive to their environment with 

activation occurring through multiple mechanisms including dendritic cell (DC) contact or 

the cytokine microenvironment [15-17]. The activation is paired with a phenotype 

commitment, albeit a plastic commitment, with distinct effector (Th1, Th2, Th9, Th17, 

Th22, Tfh) and regulatory (nTreg, iTreg, Tr1, Tfr) behavior[12, 18]. Recently, the effect 

of metabolic pathways on the differentiation and proliferation of T cells has arisen as a 

potential factor in these cell phenotype decisions [19-21]. In particular, a divide exists in 

the preferred metabolic activity of effector and regulatory T cells [22]. Effector T cells 

display a preference for glycolysis, even in the presence of sufficient oxygen, similar to the 

Warburg effect described within cancer cells [21]. In contrast, regulatory T cells have a 

lower metabolic rate as well as an oxidative means of energy production [22]. 

 

Also contributing to the homeostasis of T cells is signaling derived from immune 

checkpoint pathways. PD-1 and CTLA-4 signaling are the most prominent and the earliest 

described of these pathways; although, more recently discovered pathways, such as LAG3, 

TIM3 and TIGIT, have displayed similar functionality in terms of suppressive effects on 

the proliferation, metabolism and levels of cytokine production [23-25]. While the 

blockade of the immune checkpoint pathways is an emerging cancer therapy, impaired 

immune checkpoint responses have been implicated in many inflammatory and immune-

mediated diseases [26-28]. PD-1 and PD-L1 polymorphisms have been associated with 

SLE, arthritis, multiple sclerosis and Crohn’s disease [24]. Both Crohn’s disease and 

ulcerative colitis, the two main clinical manifestations of inflammatory bowel disease 

(IBD), have been mechanistically linked to overly exuberant T cell responses within the 

gastrointestinal (GI) mucosa [29]. 

 

Herein, we describe the integrative effects of NLRX1 on immunity and metabolism 

through the greater proliferation, inflammatory bias, and decreased sensitivity to immune 



25 

 

checkpoint pathways of CD4+ T cells. We employ in vitro and in vivo findings to illustrate 

the implications of NLRX1 deficiency in T cells by using three mouse models of IBD. 

 

3.3 Loss of NLRX1 increases disease severity and inflammatory T cell subsets in a DSS 

model of colitis 

 

Wild-type and NLRX1-/- mice were administered DSS within drinking water over a seven 

day period. Significant increases in disease activity index were observed within NLRX1-

/- as soon as day 3 of DSS challenge and continuing through the remainder of the 

administration period (Fig. 3.1A). The increased disease severity was paired with increased 

Th1 and Th17 populations both within the colonic lamina propria (Fig. 3.1B-C) and spleen 

(Fig. 3.1E-F) at days 3 and 7 of DSS challenge.  No differences were observed in splenic 

or LPL Treg cells through the experimental period (Fig. 3.1D, G). A significant increase 

in TNF-producing CD4+ T cells was also observed, but no differences in IL-22-producing 

or IL-4-producing CD4+ T cells were observed between genotypes. Broad increases in the 

expression of inflammatory cytokines, IL-17, IFNγ, and TNFα, were observed in whole 

colon RNA (Fig. 3.1H-J).  

 

 
 
Figure 3.1. DSS colitis induces greater inflammatory T cell populations in NLRX1-/-. Disease 

activity index of wild type and NLRX1-/- on DSS for 7 days followed by three days of water (A). 

Colonic lamina propria (B) and spleen (E) cell numbers of Th1 (CD4+NK1.1-CD8-Tbet+IFNy+).  

Colonic lamina propria (C) and spleen (F) cell numbers of Th17 (CD4+NK1.1-CD8-

RORyT+IL17+). Colonic lamina propria (D) and spleen (G) cell numbers of Treg (CD4+NK1.1-
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CD8-CD25+FOXP3+IL10+). mRNA expression of Ifny (H), Tnfa (I) and IL17A (J) in colons of 

mice on day 7 of DSS challenge. Asterisks mark significance (P<0.05, n=12). 

 

Using the cre-lox recombination system, NLRX1fl/fl;CD4Cre+ (NLRX1ΔT) were 

generated and challenged with DSS to validate whether NLRX1 has an intrinsic role within 

T cells during colitis. In a similar manner to the NLRX1-/-, NLRX1ΔT displayed worsened 

disease activity (Fig. 3.2A) throughout the time course culminating in increased colonic 

LPL (Fig. 3.2B-C) and splenic (Fig. 3.2E-F) Th17 and Th1 at day 7 of DSS challenge. 

However, no differences in regulatory T cells were observed at the colonic (Fig. 3.2D) or 

splenic (Fig. 3.2G) level. 

 

 
 
Figure 3.2. DSS colitis induces greater inflammatory T cell populations with T cell specific 

deletion of NLRX1. Disease activity index of wild type and NLRX1fl/fl;CD4cre+ on DSS for 7 

days (A). Colonic lamina propria (B) and spleen (E) cell numbers of Th17 (CD4+NK1.1-CD8-

RORyT+IL17+). Colonic lamina propria (C) and spleen (F) cell numbers of Th1 (CD4+NK1.1-

CD8-Tbet+IFNy+).  Colonic lamina propria (D) and spleen (G) cell numbers of Treg 

(CD4+NK1.1-CD8-CD25+FOXP3+IL10+). Asterisks mark significance (P<0.05, n=12). 

 

3.4 NLRX1 deficiency leads to increased Th17 differentiation and proliferation. 

 

To determine the direct effect of the loss of NLRX1 on the differentiation of CD4+ T cells, 

we sorted naïve CD4+ T cells from the spleens of wild-type and NLRX1-/- mice. When 

exposed to a Th17 promoting cytokine environment (IL-6, TGF-β, IL-23, α-IL-4, α-IFNγ), 

NLRX1-/- T cells possessed a higher rate of differentiation into Th17 cells than wild-type 

T cells (Fig. 3.3A). In contrast, when exposed to an iTreg promoting cytokine environment 

(TGF-β, IL-10, α-IL-4, α-IFNγ), NLRX1-/- T cells did not behave significantly differently 

than wild type cells in regards to iTreg differentiation rate (Fig. 3.3B). However, the rate 

of iTreg differentiation within Th17-promoting media was significantly lower for NLRX1-

/- T cells (Fig. 3.3C). The difference was exacerbated by the addition of PD-L1 to the 

culture media, which significantly increased the population in wild type samples but 

induced no change in NLRX1-/- samples (Fig. 3.3C). The proliferation of the CD4+ T cells 

was measured in vitro by CFSE staining. NLRX1-/- Th17 differentiated cells displayed a 

greater proliferative index than wild-type Th17 cells (Fig. 3.3D). The administration of 

PD-L1 decreased the proliferative index at a greater magnitude in wild-type cells (Fig. 

3.3D). Increased PD-L1 expression was observed within both WT and NLRX1-/- mice on 

day 7 of DSS challenge compared to non-DSS controls. 
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Figure 3.3. NLRX1-/- CD4+ T cells have greater inflammatory and proliferation potential. 
Proportion of Th17 differentiated cells in vitro in Th17 differentiating media (A). Proportion of 

Treg differentiated cells in vitro in Treg differentiating media (B). Proportion of Treg differentiated 

cells in vitro in Th17 differentiating media with and without addition of PD-L1 (C). Th17 

proliferation index by CFSE staining with and without addition of PD-L1 (D).  Data is a result of 

three experiments with triplicate samples (p<0.05, n=9). 

 

3.5 NLRX1 contributes to the switch from oxidative to anaerobic metabolic pathways. 

 

Based on the in vitro proliferation results and the in vivo RNA-seq metabolic differences 

at the colonic level, we sought to determine the effect of NLRX1 on the metabolic 

processes of T cells. NLRX1 deficiency results in increased expression of Cpt1a, Fabp4 

and Glut1 genes responsible for the uptake and utilization of glucose and fatty acids (Fig. 

3.4A-C). Similarly, the loss of NLRX1 increases the activity of lactate dehydrogenase and 

the rate of incomplete fatty acid oxidation, a measure of acid soluble metabolites following 

the oxidation of labeled palmitate as opposed to complete oxidation to carbon dioxide (Fig. 

3.4D-E). Administration of PD-L1 decreased the activity of lactate dehydrogenase and 

increased total fatty acid oxidation in wild-type Th17 cells but provided no significant 

changes in NLRX1-/- (Fig. 3.4D). Additionally, the rate of total fatty acid oxidation failed 

to increase following PD-L1 stimulation within NLRX1-/- cells (Fig. 3.4F). The increased 

glycolytic flux in NLRX1-/- Th17 cells was further confirmed by an increased extracellular 

acidification rate (Fig. 3.4G). No consistent differences existed in oxygen consumption rate 

in Th17 cells between genotypes (Fig. 4H). Similar differences were observed in CD4+ T 

cells isolated from the colons of mice on day 3 of DSS challenge. However, no differences 

were observed in either extracellular acidification or oxygen consumption rates within 

differentiated regulatory T cells. NLRX1-/- differentiated Th17 cells also displayed 

increased glycolytic flux, compared to WT, by measure of carbon dioxide production from 

the metabolism of radiolabeled glucose (Fig. 3.4I). Direct inhibition of lactate 

dehydrogenase activity, through treatment with sodium oxamate, normalized NLRX1-/- 

Th17 differentiation rates and proliferative index to wild-type levels (Fig. 3.4J-K). The 
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administration of sodium oxamate in vivo provided similar decreases in NLRX1-/- Th17 

cell numbers in addition to Th1 cell numbers during DSS colitis. Additionally, treatment 

with metformin, an activator of 5' adenosine monophosphate-activated protein kinase 

(AMPK), rescued the responsiveness to PD-L1 signaling and decreased lactate 

dehydrogenase activity (Fig. 3.4L-M). Notably, culture within microaerophilic conditions 

further increased the differences between NLRX1-/- and wild-type in measures of Th17 

differentiation rate and lactate dehydrogenase activity (Fig. 3.4N-O). The lack of NLRX1 

increased the expression of hypoxia inducible factor 1α, Hif1a, both in normoxic and 

microaerophilic conditions (Fig. 3.4P). 

 

 
 
Figure 3.4. NLRX1-/- CD4+ T cells have altered metabolic behavior. mRNA expression of 

Cpt1a (A), Fabp4 (B), and Glut1 (C). Activity of lactate dehydrogenase with and without addition 

of PD-L1 (D). Incomplete fatty acid oxidation as a measure of acid soluble metabolite production 

(E). Total fatty acid oxidation with addition of PD-L1 (F). Extracellular acidification (G), and 

oxygen consumption rates (H) from differentiated CD4+ Th17 cells. Cells were measured over a 

time course and exposed to glucose oxidase, carbonyl cyanide-4-phenylhydrazone (FCCP), and 2-

deoxy-D-glucose (2DG) at the indicated time periods. Carbon dioxide production from 

radiolabeled [14C]-glucose in WT and NLRX1-/- differentiated Th17 cells (I) Differentiation (J) 

and proliferation (K) of Th17 cells in presence of sodium oxamate. Differentiation (L) and LDH 

activity (M) of Th17 cells in presence of PDL1 and metformin. Differentiation (N) and LDH 
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activity (O) of Th17 cells in microaerophilic conditions. mRNA expression of Hif1a (P). Data is a 

result of three experiments with triplicate samples (P<0.05, n=9). 

 

3.6 Adoptive transfer of NLRX1-/- CD4+ T cells results in increased pathology, local and 

systemic inflammation. 

 

To determine the impact of effector and regulatory CD4+ T cells on experimental IBD, 

Rag2-/- mice were administered wild-type or NLRX1-/- sorted naïve CD4+ T cells via 

intraperitoneal injection (Fig. 3.5A). Post-administration, increased leukocytic infiltration 

and epithelial erosion were observed in mice given NLRX1-/- cells (Fig. 3.5D, G-I). Spleen 

and colonic lamina propria samples contained greater percentages and absolute numbers 

of Th1 and Th17 cells in mice administered NLRX1-/- cells (Fig. 3.5B-C, E-F). To 

determine if the effect of NLRX1 was through effects on effector or regulatory cells, 

effector and regulatory T cell subsets were sorted from wild-type and NLRX1-/- spleens.  

 

 
 
Figure 3.5. Adoptive transfer of naïve NLRX1-/- T cells results in increased disease severity. 

Disease activity index of Rag2-/- transferred wild type and NLRX1-/- naïve CD4+ T cells (A). 

Percentage (B) and absolute number (C) of CD4+ T cell populations in colonic lamina propria eight 

weeks after transfer. Summarized histology scores in leukocytic infiltration and epithelial erosion 

(D). Percentage (E) and absolute number (F) of CD4+ T cell populations in spleen eight weeks 

after transfer. Representative photomicrographs of control (G), wild-type transferred (H), and 

NLRX1-/- transferred (I) Rag2-/- colons eight weeks post-transfer. Asterisks mark significance 

(P<0.05, n=10). 
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Rag2-/- mice were then administered either only wild-type effectors, wild-type effectors 

and regulatory cells, wild-type effectors and NLRX1-/- regulatory cells, NLRX1-/- 

effectors, NLRX1-/- effectors and regulatory cells, or NLRX1-/- effectors and wild-type 

regulatory cells. Transfers and sorting of WT and NLRX1-/- occurred concurrently. The 

administration of NLRX1-/- effectors accelerated disease onset on overall severity (Fig. 

3.6A). Groups given NLRX1-/- effector T cells possessed increased numbers of Th1 and 

Th17 subsets than respective groups given wild-type effector T cells, suggesting an 

effector-intrinsic role of NLRX1 (Fig. 3.6C-H). Groups given NLRX1-/- regulatory T cells 

displayed no significant differences in Th1 and Th17 populations compared to 

corresponding groups given wild-type regulatory T cells (Fig. 3.6C-H). 

 

 
 
Figure 3.6. Adoptive transfer of NLRX1-/- effector T cells increases disease severity. Disease 

activity index of Rag2-/- transferred wild type and NLRX1-/- (A) effector and regulatory CD4+ T 

cells. Spleen (C) and colonic lamina propria (D) cell numbers of Treg (CD4+NK1.1-CD8-

CD25+FOXP3+IL10+). Spleen (E) and colonic lamina propria (F)  cell numbers of Th1 

(CD4+NK1.1-CD8-Tbet+IFNy+).  Spleen (G) and colonic lamina propria (H)  cell numbers of 

Th17 (CD4+NK1.1-CD8-RORyT+IL17+). Asterisks mark significance between effector and 

regulatory groups and number signs mark significance between genotypes (p<0.05, n=10). 

 

3.7 T cell specific deletion of NLRX1 increases inflammation in Citrobacter rodentium 

model of colitis. 

 

To confirm the findings within an infectious model of colitis, NLRX1ΔT were challenged 

with C. rodentium. At peak inflammatory response, NLRX1ΔT had greater numbers of Th1 

and T follicular helper (Tfh) cells in the colonic lamina propria and spleen (Fig. 3.7A-D). 

A significant increase in Th17 cell number was observed in the colonic lamina propria (Fig 
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3.7E). In addition, NLRX1ΔT had lower levels of IL10-producing cells in the colonic 

lamina propria, including iTreg and Tr1 populations (Fig. 3.7G-H). From sorted colonic T 

cells at peak inflammation, NLRX1ΔT samples possessed higher lactate dehydrogenase 

activity than wild-type samples (Fig. 3.7I). The expression of Glut 1 was also increased in 

NLRX1ΔT mice (Fig. 3.7J). As a result of increased inflammation, NLRX1ΔT had lower C. 

rodentium burdens at day 12 post-infection as measured by re-isolation from fecal samples 

(Fig. 3.7K). Meanwhile, the NLRX1ΔT scored higher in histological assessment of 

leukocytic infiltration and mucosal thickness (Fig. 3.7L). 

 

 
 
Figure 3.7. Citrobacter rodentium challenge of T cell specific knockouts of NLRX1 results in 

greater inflammation. Colonic lamina propria (A) and spleen (B) cell numbers of Th1 

(CD4+NK1.1-CD8-Tbet+IFNy+).  Colonic lamina propria (C) and spleen (D) cell numbers of Tfh 

(CD4+NK1.1-CD8-Bcl6+IL21+). Colonic lamina propria (E) and spleen (F) cell numbers of Th17 

(CD4+NK1.1-CD8-RORyT+IL17+). Colonic lamina propria cell numbers of Treg (CD4+NK1.1-

CD8-CD25+FOXP3+IL10+) (G) and Tr1 (H) cells. LDH activity (I) and mRNA expression of 

Glut1 (J) of sorted CD4+ T cells from colons of mice 12 days post infection. Re-isolation of C. 

rodentium from fecal samples at 12 days post-infection (K). Histological scores of epithelial 

erosion, leukocytic infiltration and mucosal thickness of colonic sections at 12 days post-infection 

(L). Asterisks mark significance (P<0.05, n=10). 

 

3.8 Discussion and Conclusions 

 

NLRX1 is important in controlling the proliferation and differentiation of CD4+ T cells, 

suggesting that it is implicated in T cell-mediated diseases. We present evidence that 

NLRX1 in T cells may provide protection from IBD as demonstrated in three disease 
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models spanning chemical, infectious and cellular induced disease. The loss of NLRX1 

leads to the expansion of inflammatory T cell subsets including Th1, Th17 and Tfh both 

locally in the colonic lamina propria and systemically within the spleen. Our in vivo and 

in vitro observations suggest that NLRX1-/- T cells have biasing towards inflammatory 

phenotypes, increased proliferation and decreased sensitivity to immune checkpoint 

pathways. 

 

Notably, the increased proliferation and Th17 differentiation in vitro is paired with an 

increase in aerobic glycolysis and expression of glucose transporters. The receptor, PD-1, 

has been previously described to promote immunosuppressive effects through multiple 

pathways including switching the metabolic pathways of a cell from a glycolysis-

dominated state to a fatty acid utilization state [31, 32]. In colonic biopsies from IBD 

patients, the expression of PD-L1 on intestinal epithelial cells was upregulated to suppress 

inflammation [33]. Meanwhile, the presence of PD-1+ T cells has been negatively 

correlated with disease severity [34] and initial testing of PD-L1 treatment has shown 

efficacy in suppressing disease [35]. However, the stimulation of PD-1 by PD-L1 does not 

activate this switch nor attenuate the inflammatory phenotype within NLRX1-/- cells. The 

activation of AMPK is among the pathways affected by PD-1 signaling and is a well-

described factor in the control of cellular metabolic flexibility [32, 36, 37]. When AMPK 

is directly stimulated by metformin, both the metabolic and immunologic differences 

between wild-type and NLRX1-/- T cells are abrogated suggesting that NLRX1 may be a 

critical element in the linkage between PD-1 and AMPK signaling. In addition to metabolic 

contributions, PD-1 and other immune checkpoint signaling contribute to the development 

of regulatory and memory cell types [38-40]. While the deficiency of NLRX1 in regulatory 

T cell does not impair their function or abundance, the impaired responsiveness to PD-L1 

treatment does lead to lower levels of iTreg in Th17 differentiating media. We propose that 

PD-1 signaling may be important in the known plasticity between Th17 and iTreg cells and 

the lack of NLRX1 could contribute to the flexibility of cell phenotype as well as 

metabolism. The effect of NLRX1 on memory T cell development was unexplored but 

could contribute to the increased reactivity to native commensal bacteria, a known factor 

in the progression of IBD.  

 

The loss of NLRX1 selectively influences the differentiation and behavior of effector 

CD4+ T cells. When transferred, NLRX1-/- regulatory T cells retained equal regulatory 

effects on disease severity, histopathological markers and expansion of effector 

populations as their wild-type counterparts. Importantly, the regulation of metabolism 

differs in thymus-derived, or natural, Treg cells (nTreg) and peripheral, or induced, Treg 

cells (iTreg) [22]. iTregs are dependent on a switch to lipid metabolism while nTregs are 

balanced in their substrate utilization. Due to a decreased need for metabolic 

reprogramming, the development of nTregs may be unaffected metabolically by the loss 

of NLRX1. However, the metabolic switch dependent iTregs are more likely affected by 

the loss of NLRX1, particularly in regards to plasticity between the Th17 phenotype. In the 

mixed adoptive transfer, the sorting of already committed Treg cells may negate some of 

the assumed differences in dynamic and flexible Treg commitment resulting from the 

NLRX1-/-. Similarly, in vitro the differences between WT and NLRX1-/- Tregs do not 
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exist from a de novo differentiation but rather in the persistence and greater abundance of 

the Treg phenotype in inflammatory and PD-1 induced conditions. 

 

As opposed to Treg cells, effector CD4+ T cells have an established preference for energy 

production through the lactate dehydrogenase pathway [21]. Therefore, the increase of 

LDH activity in in vitro differentiated T cells and colonic isolated T cells during peak 

disease in the absence of NLRX1 is notable. Importantly, the inhibition of LDH abrogates 

the increased proliferation and Th17 differentiation differences in NLRX1-/- cells implying 

that the activation of LDH activity may not only be a characteristic of effector CD4+ T 

cells but also a contributing factor in their differentiation. Additionally, NLRX1-/- T cells 

had a higher rate of incomplete fatty acid oxidation. Rather than being an indicator of 

oxidative phosphorylation as complete fatty acid oxidation would be, higher rates of 

incomplete fatty acid oxidation have been linked to mitochondrial overload [41]and 

dysregulated metabolic pathways [42]. While the effect of NLRX1 on LDH may be 

through multiple mechanisms, a potential contributor is the effect of NLRX1 on reactive 

oxygen species production. Previously, NLRX1 has been shown to be crucial in the 

production of ROS [9, 43]. The loss of NLRX1 may not allow a cell to correctly sense the 

oxygen environment or the ROS concentration within the cell, promoting the utilization of 

both oxidative and anaerobic metabolic pathways in all conditions. The inability to switch 

metabolic pathways to influence ROS levels may also affect the ability of a cell to respond 

to canonical death pathways, such as TNF-mediated death, for which NLRX1 has 

previously been shown to contribute [43]. 

 

With the suggestion that an alteration in oxygen sensing may be involved, HIF1α may be 

implicated downstream of NLRX1 signaling [44]. Not only has the activation of HIF1α 

been linked to an increase in LDH activity but also an increase in Th17 differentiation 

through the activation of IL23R and RORγT and the inhibition of FOXP3 [45-47]. 

Combined, HIF1α is an important transcription factor controlling effector CD4+ T cell 

differentiation and cytokine production. The loss of NLRX1 leads to increased HIF1α 

expression and the culture of NLRX1-/- CD4+ T cells in microaerophilic conditions further 

increases the magnitude of difference between wild-type and NLRX1-/- Th17 

differentiation. HIF1α is activated by MITF while sumoylation by RanBP2 decreases its 

transcription activity [48, 49]. Regulated by ROS production, RanBP2 is also important for 

the entry of virus into the nucleus, potentially an additional mechanism by which NLRX1 

contributes to viral susceptibility [5, 50]. 

 

NLRX1 has been linked to viral susceptibility and other disease models such as EAE and 

cancer [1, 10, 51]. While these previous studies have focused largely on the role of NLRX1 

in innate immune cells, neurons, and tumor cells, we provide evidence that NLRX1 is 

important in the metabolic and proliferative control of effector CD4+ T cells. The 

involvement of effector CD4+ T cells in IBD has been well characterized from the 

increased number, the resistance to apoptosis and spontaneous reaction to the commensal 

microflora [52-54]. The provided evidence in multiple models of IBD suggests that 

NLRX1 joins multiple other members of the NLR family in the pathogenesis of IBD. 

Further, the contribution of NLRX1 to effector T cell differentiation merits study in other 

T cell immune-mediated diseases. 
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In conclusion, the loss of NLRX1 in T cell promotes increased metabolic activity and a 

preference for LDH activity. The metabolic preferences are combined with a decreased 

sensitivity to immunosuppressive checkpoint pathways to provide greater proliferative 

capabilities and an inflammatory phenotype bias. The immunometabolic dysregulation 

caused by the loss of NLRX1 may exacerbate disease severity and gut pathology in DSS, 

adoptive transfer and C. rodentium models of IBD. The contribution of NLRX1 deficiency 

to worsened disease suggest further work on mechanisms of NLRX1 activation may 

provide useful therapeutic advances in IBD and other T cell immune-mediated diseases. 

 

3.9 Materials and methods 

 

DSS-induced colitis  

 

C57BL/6 wild-type (WT) and NLRX1-/- mice ranging from 8-10 weeks of age were 

administered DSS in drinking water for seven days.  Control mice received standard 

drinking water. All mice were weighed and scored daily. Disease activity index was scored 

holistically by physical appearance, fecal consistency, rectal bleeding and weight loss.  

Mice were euthanized by carbon dioxide narcosis for sample collection on days 3, 7, and 

10 post-DSS initiation. All experimental procedures were approved by the Institutional 

Animal Care and Use Committee.  

 

Adoptive Transfer 

 

CD4+ T cells were enriched by I-Mag cell separation system from WT and NLRX1-/- 

donor spleens. For FACS sorting, cells were labeled with CD45RB, CD4, and CD25 and 

separated into CD4+CD45RBhiCD62L+CD25− cells (naive T cells), 

CD4+CD45RBhiCD25- (effector T cells), and CD4+CD45RBloCD25+ (regulatory T 

cells) in a FACSAria cell sorter. Rag2-/- mice were transferred with 4 × 105 sorted naive 

CD4+ cells from WT or NLRX1-/- mice for initial studies or 4 x 105 effector T cells and 

1 x 105 sorted regulatory T cells for secondary studies. Mice were weighed and scored on 

a weekly basis until the development of clinical signs. After development of clinical signs, 

mice were weighed and scored daily until necropsy. Mice were euthanized for sample 

collection 8 weeks post-transfer. 

 

Citrobacter rodentium challenge 

 

C. rodentium (strain DBS100) was grown aerobically, at 37˚C and 200 rpm shaking, in LB 

broth within a capped Erlenmeyer flask overnight. An aliquot of bacterial suspension was 

added to fresh LB broth five hours prior to challenge to provide bacteria in log-phase 

growth. Bacterial concentration was adjusted to 5x1010 cfu/mL by spectrophotometer. 

Mice were given 1x109 cfu/mouse in LB broth by orogastric gavage. Control mice were 

given equal volume sterile LB broth. Mice were weighed and scored daily post-challenge. 

Colonization was monitored by feces collection every other day. Mice were euthanized for 

sample collection at day 12 and week 4 post-challenge. 
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In vitro CD4+ T cell differentiation 

 

Naïve CD4+ T cells were obtained by magnetic sorting of WT and NLRX1-/- splenocytes. 

12-well plates were prepared through incubation with anti-CD3 and anti-CD28 antibodies 

for 1 hour at 37˚C. Cells were prepared in complete IMDM media containing 10% FBS, 

20mM HEPES, 55μM beta-mercaptoethanol, and penicillin/streptomycin. Cells were 

plated a 500,000 cells/well. Th17 cytokine differentiation mixture was composed of 

2.5ng/mL TGFβ, 25ng/mL IL-6, 10μg/mL anti-IL4, 10μg/mL anti-IFNγ, and 50ng/mL IL-

23. iTreg cytokine differentiation mixture was composed of 5ng/mL TGFβ, 5ng/mL IL-10, 

10μg/mL anti-IL4, and 10μg/mL anti-IFNγ. Cells were collected for assay after 60hrs 

culture. Five hours prior to collection cells were stimulated with PMA/ionomycin and 

incubated with GolgiStop. Cell proliferation was measured by CFSE staining.  A lactate 

dehydrogenase activity kit was utilized to measure LDH activity. Briefly, cells were 

homogenized and the homogenate was assayed using colorimetric detection of the 

reduction of NAD to NADH. Fatty acid oxidation from measures of 14CO2 production 

and acid soluble metabolites from the oxidation of [1-14C]-palmitic acid, as previously 

described [30]. 

 

Flow cytometry 

 

Mesenteric lymph nodes (MLN) and spleen were excised, single cell suspensions prepared 

and re-suspended in PBS with 5% BSA and GolgiStop. Colon sections were incubated in 

RPMI/FBS buffer (87.5% RPMI, 10% FBS, 2.5% HEPES) containing collagenase at 

300U/mL and DNAase at 50U/mL for one hour with stirring at 37°C. From the cell 

suspension, immune cells were purified by Percoll gradient. Cells were labeled with 

extracellular and intracellular antibodies within 96 well plates. A BD LSRII flow 

cytometer, in combination with FACSDiva software, was used to acquire and analyze flow 

cytometry data. 

 

Histopathology 

 

Colonic samples were fixed in 10% buffered formalin, embedded in paraffin, processed 

routinely and sectioned at 5 μm. Sections were stained with hematoxylin and eosin (H&E) 

and then examined and graded by a board-certified veterinary pathologist using an 

Olympus microscope and ImagePro software. Sections were graded for leukocyte 

infiltration, epithelial erosion and mucosal thickness on a scale from 0 to 3.   

 

Gene Expression 

 

Total RNA was isolated from mouse colons using a Qiagen RNA Isolation Mini kit and 

used to generate cDNA via the iScript cDNA Synthesis Kit. Standards were produced 

through a polymerase chain reaction on the cDNA with Taq DNA polymerase from 

Invitrogen. The amplicon was purified using the Mini-Elute PCR purification kit from 

Qiagen. Expression levels were obtained through quantitative real-time PCR on a Bio-Rad 

CFX 96 Thermal Cycler using the Bio-Rad SYBR Green Supermix. For analysis, the 

starting amount of target gene cDNA was compared to that of beta-actin, as a control.  
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Western Blot 

 

Nuclear and cytoplasmic protein extracts were quantified with the Pierce BCA protein 

assay.  Standardized samples were run on 10% gels, transferred to nitrocellulose 

membranes, and incubated with target or control antibodies overnight at 4C. Secondary 

antibodies were anti-rabbit-HRP and anti-mouse HRP for one hour at room temperature 

upon which the membrane was visualized using ImageLab software.  

 

Statistics 

 

Data are expressed as mean and standard error of the mean. Parametric data were analyzed 

by using the analysis of variance followed by Scheffe’s multiple comparisons test as 

previously described. Analysis of variance (ANOVA) was performed by using the general 

linear model procedure of SAS (SAS Institute Inc., Cary, NC). A 2x2 factorial arrangement 

comparing genotype and treatment was employed. Statistical significant was determined 

at p ≤ 0.05. 
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4.1 Summary 

 

Broad-based, host-targeted therapeutics have the potential to ameliorate viral infections 

without inducing antiviral resistance. We identified lanthionine synthetase C-like 2 

(LANCL2) as a potential new therapeutic target for immunoinflammatory diseases. To 

examine the therapeutic efficacy of oral NSC61610 administration on influenza, we 

infected C57BL/6 mice with influenza A H1N1pdm virus and evaluated influenza-related 

mortality, lung inflammatory profiles, and pulmonary histopathology. Oral treatment with 

NSC61610 ameliorates influenza virus infection by down-modulating pulmonary 

inflammation through the downregulation of TNF-α and MCP-1 and reduction in the 

infiltration of neutrophils. NSC61610 treatment increases IL10-producing CD8+ T cells 

and macrophages in the lungs during the resolution phase of disease. The loss of LANCL2 

or neutralization of IL-10 in mice infected with influenza virus abrogates the ability of 

NSC61610 to accelerate recovery and induce IL-10-mediated regulatory responses. These 

studies validate that oral treatment with NSC61610 ameliorates morbidity, mortality and 

accelerates recovery during influenza virus infection through a mechanism mediated by 

activation of LANCL2 and subsequent induction of IL-10 responses by CD8+ T cells and 

macrophages in the lungs. 

 

4.2 Introduction 

 

Seasonal influenza causes an estimated 200,000 hospitalizations and 25,000 to 35,000 

deaths annually in the United States, afflicting mainly people older than 65 years of age 

[98]. Aside from the seasonal flu, pandemic influenza originating from emerging strains 
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can significantly change the disease dynamics. Influenza pandemics cause considerable 

disease, with associated mortality ranging from approximately 50 million deaths during the 

1918 pandemic to 1 to 4 million deaths in 1957 and approximately 1 million deaths in 1968. 

In 2009, a novel H1N1 virus emerged and spread rapidly in humans, causing severe disease 

in susceptible populations, and high numbers of respiratory and cardiovascular-related 

deaths [99]. Overall, seasonal flu is one of the most relevant infectious disease-related 

public health problems since it causes important economic losses ranging from 71 to 166 

billion dollars during one influenza pandemic [100]. 

 

Current approaches for the prevention and treatment of influenza infections include 

vaccination and early administration of antiviral drugs [101]. Typically, a minimum of 6 

months are needed to develop a new vaccine, creating a lag period between the 

identification of a new strain and the administration of the first vaccine doses, in which the 

population is unprotected against the virus [102]. The use of anti-viral drugs is associated 

with the emergence of resistance. A promising therapeutic avenue is the modulation the 

host response to the virus by targeting the immune system in the pulmonary mucosa and 

systemically to minimize viral pneumonia and improve survival rates [103]. The excessive 

release of pro-inflammatory cytokines in the lungs often leads to a cytokine storm, which 

is a key contributor to lung immunopathology and disease severity. For example, mortality 

induced by the highly pathogenic H5N1 strain correlates with high levels of circulating 

cytokines and chemokines [104]. Hence, the use of drugs that target the host response 

instead of directly targeting the virus or its cytopathic effects is receiving attention for the 

treatment of infections [105, 106]. In contrast to vaccines, immune modulators and 

inflammation blockers provide efficacy independently of changes in viral antigenicity; are 

faster acting, and relatively inexpensive [107] although they have not been approved as 

host-targeted therapeutics. Moreover, in contrast to anti-virals, immune modulators do not 

cause resistance. 

 

We have recently investigated the potential role of abscisic acid (ABA), as a ligand of 

lanthionine synthetase C-like 2 (LANCL2) leading to elevation of intracellular cAMP and 

activation of protein kinase A (PKA) [108]. We used molecular modeling approaches to 

predict the binding of ABA to LANCL2 [109]. In vitro studies have confirmed direct 

binding of ABA to LANCL2 [110]. Moreover, oral administration of ABA as a pre- and 

post-exposure therapeutic upregulates LANCL2 expression in the lungs of influenza 

infected mice, reduces influenza virus-related immunopathology and accelerates recovery 

in infected mice [111]. LANCL2 is widely expressed in specialized organs of the immune 

system, including blood, spleen, lymph node, and thymus. LANCL2 is expressed by T 

cells, macrophages, endothelial and epithelial cells, and dendritic cells suggesting its 

potential as a target for immunoregulation [112]. Other members of the LANCL family of 

proteins include LANCL2 which has been shown to contribute to cellular homeostasis and 

nervous system disorders [113, 114]. 

 

In this study, we examined the feasibility of using LANCL2 ligands to induce 

immunoregulatory responses and ameliorate morbidity and mortality associated with 

influenza virus infection. PubChem compound 247228, a 3.3’-bis(benzimidazolyl) 

terephthalanilide (BTT), also known as NSC61610 was selected from the National Cancer 
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Institute Diversity Set II by LANCL2 structure-based virtual screening and previously 

shown to induce immunomodulatory effects in mouse models of colitis [115, 116]. 

Additionally, the safety efficacy profiles of BT-11, a newly developed LANCL2 ligand, is 

excellent based on single and 14-day repeated-dose toxicology studies in rats and mouse 

models of inflammatory bowel disease [117-119]. Given the demonstrated efficacy of 

ABA in accelerating recovery in mouse models of influenza infection, in this study we 

investigated the effects of NSC61610 in a mouse model of infection, elucidated its 

underlying immunoregulatory mechanisms, LANCL2 dependency and cell specificity in 

the lungs. 

 

4.3 LANCL2 aids in resolution and recovery from influenza infection  

 

To assess the role of LANCL2 in the response to influenza infection, wild-type C57BL6/J 

mice and LANCL2-/- mice were infected with 350 pfu/mouse of influenza A 

H1N1/California/04/09. Notably, LANCL2-/- mice had a decreased rate of survival and 

prolonged presence of symptoms (Figure 4.1A-B). Within the lungs of infected mice, 

LANCL2-/- possessed lower levels of IL-10 and higher levels of IL-6 at day 12 post-

infection (Figure 4.1 I-J). In general, LANCL2-/- displayed lower numbers of IL-10 

producing cells within the lungs during the same period and specifically within CX3CR1+ 

macrophage and CD8+ T cell populations (Figure 4.1 C-E). LANCL2-/- mice also showed 

lesser numbers of tissue repair and homeostasis cell types in alveolar macrophages and 

type 2 innate lymphoid cells at day 12 post-infection(Figure 4.1 G-H) while displaying 

greater number of neutrophils at day 7 post-infection (Figure 4.1F). 
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Figure 4.1. Loss of LANCL2 impairs resolution of influenza infection. Mortality (A) and 

disease activity (B) of WT and LANCL2-/- mice infected with influenza.  Cell number of CD8+ 

IL10+ T cells (C), IL10 producing macrophages (D), CD4+ IL10+ T cells (E), neutrophils (F), type 

2 innate lymphoid cells (G), and alveolar macrophages (H) at day 12 post-infection by flow 

cytometry. Concentration of IL-6 (I) and IL-10 (J) in lung homogenate at day 12 post-infection by 

cytokine bead array. Data points and error bars represent mean ± standard error of the mean (SEM). 

Asterisks (*) denote statistically significant (p<0.05) differences between the treatment group and 

control (n=12). 

 

4.4 Myeloid LANCL2 is required for modulation of regulatory responses  

 

Using a cre-recombinase system, myeloid (LANCL2fl/fl;LysCre+) and T cell 

(LANCL2fl/fl;CD4Cre+) specific knockouts of LANCL2 were generated. Myeloid cell 

knockouts recapitulated the LANCL2-/- phenotype in terms of mortality (Figure 4.2A). 

Both cell specific knockouts displayed decreased levels of IL-10 within the lungs at day 12 

post-infection similar to the LANCL2-/- (Figure 4.2B). In addition, IL-10 producing 

macrophages and CD8+ T cells were similarly decreased in CD4Cre+ and LysCre+ 

compared to LANCL2-/- (Figure 4.2D and E). However, LANCL2fl/fl;CD4Cre+ mice had 

significantly increased numbers of alveolar macrophages compared to LANCL2-/- and 

LANCL2fl/fl;LysCre+ mice (Figure 4.2F). The number of alveolar macrophages in 
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LANCL2fl/fl;CD4Cre+ was similar to numbers in untreated wild-type mice. 

LANCL2fl/fl;CD4Cre+ mice also displayed lower concentrations of MCP-1 in lung 

homogenate than LANCL2-/- and LANCL2fl/fl;LysCre+ mice (Figure 4.2C). Together, 

this data suggests that a myeloid specific LANCL2 deficiency is capable of producing the 

same effects as the full body deletion of the protein. 

 

 
 
Figure 4.2. Myeloid LANCL2 is required for modulation of regulatory responses. Mortality 

(A) for LANCL2-/-, LANCL2fl/fl;CD4Cre+, and LANCL2fl/fl;LysCre+ mice infected with 

influenza H1N1. Concentration of IL-10 (B) and MCP1 (C) within lung homogenate by cytokine 

bead array. Cell number of CX3CR1+ IL-10+ macrophages (D), CD8+ IL-10+ T cells (E), and 

alveolar macrophages (F) in lungs by flow cytometry at 12 days post-infection. Data points and 

error bars represent mean ± standard error of the mean (SEM). Asterisks (*) denote statistically 

significant (p<0.05) differences between genotypes (n=8). 

 

4.5 Oral NSC61610 treatment improves influenza virus-associated lung immunopathology 

and protects mice against lethal influenza virus infection 
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After observation of the importance of LANCL2 in the resolution phase of infection, we 

sought to identify if novel ligands of LANCL2 could aid in the response to influenza. 

Firstly, to validate in silico predictions that NSC61610 would bind to LANCL2, LANCL2 

was expressed in E. coli. The binding of NSC61610 to the purified protein was analyzed 

via surface plasmon resonance and compared to the natural ligand of LANCL2, abscisic 

acid (Figure 4.3). Steady state equilibrium constants (KD) were determined to be 2.252 μM 

for the ABA-LANC2 interaction, while the NSC61610-LANCL2 was 2.305 μM. 

Following the validation of binding, we performed an assessment of the ability of 

NSC61610 to improve influenza virus-induced morbidity and/or mortality. C57BL/6 wild-

type mice were challenged with 350 pfu/mouse of influenza A H1N1/California/04/09. At 

12 days post infection, the mortality rate was 60% in the control group versus 30% in the 

NSC61610-treated mice (Figure 4.4I). The onset of mortality differed by one day with the 

untreated wild type group beginning on day six compared to day 7 in the NSC61610-treated 

groups. Mice were also scored on a daily basis through observation of physical activity and 

appearance. NSC61610- treated mice were significantly more active and showed less signs 

of distress by this measure (Figure 4.4J). Our clinical data shows that oral NSC61610 

treatment improves the resolution of infection and accelerates the recovery from disease. 

These findings are in line with the lower mortality rates recorded in the group that received 

oral NSC61610 treatment. 
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Figure 4.3. Binding kinetics of lanthionine synthetase C-like protein 2 (LANCL2) with 

abscisic acid (ABA) and NSC61610. Surface plasmon resonance (SPR) sensograms for the 

binding of varying concentrations of ABA (12.5 μM, 6.25 μM 3.13 μM and 1.57 μM) to 

immobilized LANCL2 (A). Plot of Maximal Resonance Unit versus concentration of ABA (B). 

Steady state Dissociation constant was calculated to be 2.252 μM utilizing a 1:1 binding model. 

SPR sensograms for the binding of varying concentrations of NSC61610 (12.5 μM, 6.25 μM 3.13 

μM and 1.57 μM) to immobilized LANCL2 (C). Plot of Maximal Resonance Unit versus 

concentration of NSC61610 (D). Steady state Dissociation constant was calculated to be 2.305 μM 

utilizing a 1:1 binding model. 

 

To determine whether the improved clinical symptoms observed in NSC61610-treated 

mice were accompanied by decreased lung pathology, we evaluated microscopic lung 

lesions at 3, 7 and 12 days post-infection.  Examination of lung tissue was based on 

epithelial necrosis, including presence of debris in large and intermediate size airways, and 

leukocytic infiltration of the mucosa and submucosa of large airways. Chronologically, the 

first pulmonary lesion detected was epithelial cell necrosis, with presence of necrotic cells 

in the airway compartment at day 7 (Figure 4.4B and E) and marginated leukocytes in 

adjacent blood vessels and in some cases with perivascular edema. At later stages, the 

predominant findings were leukocytic infiltration of the mucosa and submucosa of large 

and medium size airways (Figure 4.4A, B, D and E). This was followed by the presence of 

inflammatory cells in the terminal airways (Figure 4.4C and F) on day 7 post-infection. To 

determine whether NSC61610 ameliorated lung immune-pathology associated with 

infection, we scored these lesions from 0 to 4 depending on extent and severity. The 

analysis shows that NSC61610 indeed exerted a significant impact in the extent of lung 

epithelial necrosis (Figure 4.4G) and leukocytic infiltration (Figure 4.4H). The decline in 

epithelial necrosis scores occurred 2 days earlier in NSC61610-treated mice when 

compared to untreated mice. Additionally, the severity of leukocytic infiltration was 

significantly lower in NSC61610-treated mice on day 7 post-challenge than in untreated 

mice. In untreated mice, the immune cell infiltration increased to reach a maximum score 

of 3 on day 7. In the NSC61610-treated mice the score was maintained under 2 throughout 

the experiment, suggesting lower inflammatory cells recruited to the lungs. 

 

In NSC61610-treated wild type mice, oral treatment of NSC61610 increases expression of 

LANCL2 throughout the time course of influenza infection (Figure 4.4K).  To confirm the 

decrease in inflammatory cell types during the peak of infection in NSC61610 treated mice, 

we measured the mRNA expression of inflammatory markers, IFNα, TNFα and MCP1, in 

the lungs of infected mice (Figure 4.4L-N). Notably, NSC61610 treatment reduced 

expression of TNFα, at day 7 post-infection, and MCP1 at days 3 and 7 post-infection. 

IFNα was not significantly altered at any of the observed time points. 
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Figure 4.4. NSC61610 treatment decreases severity and improves recovery from influenza 

infection. Representative photomicrographs of H&E stained lung sections from NSC61610 (A-C) 

and control treated (D-F) mice following influenza infection. Summary of epithelial necrosis (G) 

and leukocytic infiltration (H) scores. Mortality (I) and disease activity (J) of WT mice infected 

with influenza with no treatment and NSC61610 treatment. mRNA expression of LANCL2 (K), 

IFNα (L), TNFα (M), and MCP1 (N) at days 0, 3, 7, and 12 post-infection in lung tissue during 

influenza infection of wild type mice administered PBS or NSC61610 (20mg/kg) by qRT-PCR. 

Data points and error bars represent mean ± standard error of the mean (SEM). Asterisks (*) denote 

statistically significant (p<0.05) differences between the treatment group and control (n=12). 

  

4.6 NSC61610 promotes immunological mechanisms of regulation and repair in the lungs 

 

Oral administration of NSC61610 increases the number of IL-10-producing macrophages 

and CD8+ T cells (Figure 4.5A and B). The number of IL-10-producing CD4+ T cells was 

not changed by treatment (Figure 4.5C). Numbers of alveolar macrophages and innate 

lymphoid cell type 2 were also significantly increased at day 12 post-infection (Figure 4.5D 

and E). Using a cytokine bead array, the concentration in lung homogenate of cytokines 

was measured at day 12 post-infection. The concentration of IL-10 was significantly 

increased by oral NSC61610 treatment (Figure 4.5G). Trends in IL-10 production were 

further confirmed by qRT-PCR with lung tissue (Figure 4.5I). No significant trends were 

observed in IL-6, MCP1 or IFNy at day 12 post-infection (Figure 4.5H, J and K).  

Expression of amphiregulin was also observed to be significantly increased by oral 

NSC61610 treatment (Figure 4.5L). 
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Figure 4.5. NSC61610 promotes regulatory responses during resolution phase of infection. 
Cell number of IL10 producing macrophages (A), CD8+ IL10+ T cells (B), CD4+ IL10+ T cells 

(C), alveolar macrophages (D), type 2 innate lymphoid cells (E), and neutrophils (F) through day 

12 post-infection by flow cytometry. Concentration of IL-10 (G), IL-6 (H), MCP-1 (J), and IFNy 

(K) in lung homogenate at day 12 post-infection by cytokine bead array. mRNA expression of IL10 

(I) and amphiregulin (L) in lung at day 12 post-infection by qRT-PCR.  Data points and error bars 

represent mean ± standard error of the mean (SEM). Asterisks (*) denote statistically significant 

(p<0.05) differences between the treatment group and control (n=12). 

 

4.7 LANCL2 is required for the beneficial effects of NSC61610 

 

As NSC61610 is a predicted ligand of LANCL2, we sought to evaluate the specificity of 

the ligand’s effects in LANCL2-/- mice. To determine if the efficacy of NSC61610 

treatment is dependent on the presence of LANCL2, we administered PBS or NSC61610 

to infected LANCL2-/- mice. No significant differences were apparent in mortality or 

disease activity scores (Figure 4.6A-B). Additionally, no differences were observable in 

cellular (Figure 4.6C-F) or molecular (Figure 4.6G-J) measures noted to be changed in wild 

type mice treated with NSC61610. 
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Figure 4.6. Loss of LANCL2 impairs recovery and diminishes clinical effects of NSC61610 

treatment. Mortality (A) and disease activity (B) of LANCL2-/- mice infected with influenza with 

no treatment and NSC61610 treatment. Cell number of CD8+ IL10+ T cells (C), IL10 producing 

macrophages (D), alveolar macrophages (E), and neutrophils (F) through day 12 post-infection by 

flow cytometry. Concentration of IL-10 (G) and IL-6 (H) in lung homogenate at day 12 post-

infection by cytokine bead array. mRNA expression of amphiregulin (I) and IL10 (J) in lung at day 

12 post-infection by qRT-PCR.  Data points and error bars represent mean ± standard error of the 

mean (SEM). Asterisks (*) denote statistically significant (p<0.05) differences between the 

treatment group and control (n=12). 

 

4.8 Effects of NSC61610 are mediated by IL-10 

 

Mice were infected with influenza virus as previously. After infection, mice were 

administered an IL-10 neutralizing antibody or isotype control. IL-10-neutralized mice 

treated with NSC61610 exhibited no differences from untreated IL-10-neutralized mice in 

clinical measures of disease activity index and mortality (Figure 4.7A-B). The isotype 

control antibody did not dampen the efficacy of NSC61610 against influenza. The IL-10 

neutralization inhibited the increases in alveolar macrophages, CD103+ dendritic cells and 

ILC2 experienced with NSC61610 treatment (Figure 4.7C, D, and F). The neutralization 

of IL-10 also significantly increased the number of IFNγ producing CD4+ T cells (Figure 

4.7E). 
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Figure 4.7. IL10 neutralization abrogates efficacy of NSC61610. Disease activity (A), and 

mortality (B) of wild type mice following IL10 neutralization during influenza infection. Cell 

number of alveolar macrophages (C), CD103+ dendritic cells (D), CD4+ IFNγ+ T cells (E), and 

type 2 innate lymphoid cells (F) within lungs at day 12 post-infection by flow cytometry. Data 

points and error bars represent mean ± standard error of the mean (SEM). Asterisks (*) denote 

statistically significant (p<0.05) differences between the NSC61610 treatment group and control 

(n=8). Number signs (#) denote statistically significant (p<0.05) differences between neutralization 

treatment group and control (n=8). 

 

4.9 NSC61610 or combined therapy with NSC61610 and Tamiflu outperforms Tamiflu 

alone  

 

To determine whether the treatment efficacy of NSC61610 could be further increased by 

combination with an anti-viral agent, we administered NSC61610 in combination with 

oseltamivir phosphate, an active ingredient of Tamiflu. NSC61610 and combination 

treatment improved the overall mortality and disease activity compared with treatment with 

oseltamivir alone (Figure 4.8A-B). Notably, treatment only with Tamiflu did not promote 
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cellular regulatory responses within the lungs while the combination therapy retained the 

regulatory benefits of NSC61610 treatment (Figure 4.8C-E). After the observation that 

treatment with NSC61610 induces regulatory and anti-inflammatory effects, we sought to 

determine if these effects impacted the viral burden within the lungs. The amount of virus 

was titrated by plaque assay of MDCK cells. Treatment with NSC61610 did not alter the 

amount of virus detected. Both Tamiflu and combination therapies significantly reduced 

the viral titer (Figure 4.8F). 

 

 
 
Figure 4.8. Combination of NSC61610 and Tamiflu promotes regulatory responses and 

suppresses viral replication. Mortality (A) and disease activity (B) of mice treated with PBS, 

Tamiflu (10mg/kg/day), Tamiflu and NSC61610 (5mg/kg/day and 10mg/kg/day respectively), or 

NSC61610 alone (20mg/kg/day). Cell number of CD8+IL10+ T cells (C), IL10 producing 

macrophages (D), and alveolar macrophages (E) at day 12 post-infection by flow cytometry. Viral 

titer (F) within the lungs on day 3 post-infection by MDCK cell plaque assay. Data points and error 

bars represent mean ± standard error of the mean (SEM). Asterisks (*) denote statistically 

significant (p<0.05) differences between the combination treatment group and control (n=12). 

Number signs (#) denote statistically significant (p<0.05) differences between Tamiflu treated and 

control groups (n=12). Ampersands (&) denote statistically significant (p<0.05) differences 

between combination and single treatment groups (n=12). 

 

4.10 Discussion and Conclusions 

 

The LANCL2 pathway has emerged as a therapeutic target for inflammatory, chronic and 

immune-mediated diseases [112]. By using pharmacologic activation of LANCL2 and 

loss-of-function approaches in knockout mice, we validate the LANCL2 pathway as a 

putative target for the treatment of influenza infection. ABA binds to LANCL2 [110] and 

causes elevation of intracellular cAMP and activation of PKA in macrophages [108]. In 

addition, ABA suppressed LPS-induced inflammation in mice [108], experimental colitis 

[120, 121], and accelerated recovery in influenza virus-driven lung immunopathology 

[111]. Previous work on ABA illustrates the similarities in host defense mechanisms 

between plants and animals, and the importance of understanding a common evolutionary 
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heritage. Based on the demonstrated efficacy of ABA as an immune modulatory compound 

and the discovery of the anti-inflammatory efficacy of the LANCL2 pathway, we screened 

chemical databases to identify new compounds that bind to LANCL2 and found that 

NSC61610 had the highest predicted binding affinity [116]. Previous studies demonstrated 

the efficacy of NSC61610 as an anti-inflammatory compound in mouse models of colitis 

[116]. Moreover, BT-11, a new LANCL2 ligands being developed for treating IBD, has an 

outstanding safety profile based on single and 14-day repeated-dose toxicology studies in 

rats, and it outperforms current IBD treatments in mice with dextran sodium sulfate colitis 

[117-119]. Recently, the binding of LANCL2 to ligand has been shown to affect the 

cellular localization of LANCL2 resulting in multiple methods of promoting downstream 

effects [122]. 

 

Our in vivo results demonstrate for the first time that oral treatment with NSC61610 and 

activation of the LANCL2 pathway ameliorates pulmonary immunopathology during 

influenza A virus infection by suppressing inflammation and enhancing IL-10-mediated 

immunoregulatory responses in the lungs. Specifically, oral treatment with NSC61610 

lowered infiltration of the airway mucosa and submucosa and decreased epithelial necrosis 

in lungs of infected mice. NSC61610 exerted its anti-inflammatory effect by suppressing 

TNF-α and MCP-1 expression during early and peak phases. TNF-α is a pro-inflammatory 

cytokine implicated in priming epithelial cells for induced cytokine and chemokine 

production during influenza A virus infection, while MCP1 contributes to the recruitment 

of immune cells [123]. Anti-TNF-α humanized antibodies such as Remicade (Centocor, 

Malvern, PA) and Humira (Abbott Laboratories, Abbott Park, IL) are biologics that have 

been approved by the Food and Drug Administration (FDA) as therapeutics against 

immune-mediated diseases such as IBD [124]. The discovery of a small molecule with an 

oral route of administration that decreases these two inflammatory mediators expression 

through the selective and novel LANCL2 pathway holds similar promise in the treatment 

of autoimmune disorders and pathogen-initiated immunopathologies. At the cellular level, 

oral NSC61610 treatment significantly decreased the numbers of infiltrating neutrophils in 

the lungs of influenza virus-infected mice. Pulmonary neutrophil infiltration is a prominent 

feature of the early inflammatory response to influenza virus infection of humans, ferrets, 

and mice [125]. Neutrophils constitute a large proportion of the inflammatory leukocytes 

infiltrating the lung during influenza virus infection. Although their role in influenza virus 

clearance is not yet well defined, it has been suggested that excessive neutrophils and 

neutrophil extracellular traps contribute to acute lung injury of influenza pneumonitis 

[126].  

 

While differences in inflammatory markers exist throughout the course of infection, the 

efficacy of oral treatment with NSC61610 is most apparent during the recovery phase, in 

which the increased activation of immunoregulatory pathways is most prevalent. Similar 

improvements in the recovery phase were reported by oral treatment of influenza virus-

infected mice with ABA, the first LANCL2 ligand discovered [111]. Notably, the 

administration of ABA has been shown to activate PPARγ in a LANCL2-dependent 

manner suggesting that LANCL2 agonists may contribute to the activation of this 

regulatory pathway [108]. We provide molecular evidence in vivo that NSC61610 

functions in a LANCL2-dependent manner during the recovery phase of infection, since 
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the beneficial effects of NSC61610 treatment observed in wild-type mice are abrogated in 

LANCL2 knockout mice. Indeed, the largest differences in clinical disease measures such 

as weight loss and mortality occur after the peak of infection as the NSC61610 treated wild 

type group experienced an earlier and more pronounced weight gain and decrease in 

mortality during this phase. Oral treatment with NSC61610 triggers a shift towards a 

regulatory tissue environment, evidenced by the increased LANCL2-dependent expression 

of IL-10 in the lungs.  

 

As a crucial regulatory cytokine, IL-10 has previously been shown to suppress pulmonary 

inflammation and tissue damage [127, 128]. The cytokine exerts its regulatory control 

through a signaling cascade resulting in the down-regulation of inflammatory cytokines, 

such as MCP-1 or IFN-γ, the rampant production of which contribute to the damaging 

cytokine storm [129]. At the cellular level, oral treatment with NSC61610 induced 

increased levels of IL-10-producing CD8+ T cells and CD11b+F4/80hiCX3CR1+ 

macrophages in the lungs. CX3CR1+ macrophages are a myeloid cell type prominent in 

the promotion of a homeostatic tissue environment, predominately tied to the control of 

intestinal immune responses to bacteria [73]. Some inflammatory subsets of macrophages 

have been identified as susceptible to influenza infection and are crucial mediators of the 

well-categorized cytokine storm associated with the influenza virus [130]. The ability of 

LANCL2 activation to promote a regulatory, IL-10-producing, macrophage population 

suggests efficacy of this pathway to control the damaging effects of the influenza virus in 

the lungs throughout the course of infection. CD8+ T cell responses mediate resistance 

against intracellular infections through effector mechanisms with the potential to defend 

against infection [131]. For example, CD8+ T cells could eliminate influenza-virus-

infected targets via the perforin/granzyme B, Fas/FasL or TRAIL pathways [132]. 

Meanwhile, CD8+ T cells have previously been identified as the main producer of IL-10 

in the lungs during influenza infection [128]. While recent evidence suggests that the 

production of IL-10 from T cells may be crucial in switching from innate to adaptive 

immunity during infection and lesser production may be connected to enhanced morbidity 

in young populations [133]. Treatment with NSC61610 or similar LANCL2 ligands may 

help to boost this switch and prevent age-associated morbidities. The production of IL-10 

from this subset, which can also be driven to secrete the effector cytokine IFNγ, is initiated 

in part through the presence of IL-4 within the environment [134].  

 

IL-4 is a prototypical Th2-associated cytokine that is also produced by dendritic cells and 

innate lymphoid cells [135, 136]. In particular, the loss of the type 2 innate lymphoid cell 

population during influenza infection creates a loss of epithelial integrity and decreased 

lung function [137]. The increased expression of multiple ILC2-related genes upon 

treatment with NSC61610 indicates the involvement of LANCL2 in the generation and 

maintenance of this cellular phenotype. The dual roles of IL-4, as a chemoattractant 

stimulant of macrophages and eosinophils and an inhibitor of pro-inflammatory cytokines 

such as TNF-α and MIP-1, may suggest that its acute elevation can allow for ample 

recruitment of anti-viral cells while decreasing the likelihood of an excessive cytokine 

storm [138, 139]. In addition to the IL-10-related effects, a key mediator of the regulatory 

response is the growth factor, amphiregulin. A direct product of immune cells, 

amphiregulin has both traditional growth factor effects, in the maintenance and stimulation 
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of epithelial cell growth, as well as additional regulatory mechanisms, via the promotion 

of regulatory T cells [140, 141].  The increased expression of amphiregulin with LANCL2 

activation may be a key component in the reduction of epithelial necrosis and lung damage 

during infection.  

 

The spectrum of regulatory effects promoted by LANCL2 is dependent on signaling within 

myeloid cells and T cells. The promotion of IL-10 producing macrophages and CD8+ T 

cells is lost both in T cell and myeloid specific knockouts of LANCL2 suggesting that 

interplay between the cell types is necessary to induce these effects. In contrast, the 

suppression of inflammatory cytokine production and increased number of alveolar 

macrophages remained intact within T cell knockouts of LANCL2. Alveolar macrophages 

are responsible for initiating many of the virus clearing responses in addition to the 

promotion of tissue remodeling and prevention of secondary infections [142-144]. 

Therefore, the myeloid LANCL2- and IL10-dependent effects of NSC61610 

administration are greatly beneficial to the alveolar macrophage mediated pathways of host 

defense.   

 

A concern with immunoregulatory treatment of infectious disease is impaired clearance or 

increased burden of the infectious agent. However, no difference in viral load was observed 

at day 3 post-infection with NSC61610 treatment. When also treated with Tamiflu, the 

viral load at day 3 post-infection was decreased. Despite a lower viral load, mice treated 

only with Tamiflu did not exhibit the regulatory responses exhibited by NSC61610-treated 

mice, suggesting the regulatory benefits of NSC61610 are independent of changes in viral 

load. Indeed, the therapeutic efficacy of NSC61610 has been shown in non-infectious 

disease models [112]. Additionally, treatment with NSC61610 significantly increased 

survival rates compared to Tamiflu treated mice. While Tamiflu is directly effective against 

specific strains of influenza A, there is risk for adaptive strains to evade its inhibitory 

effects. Also, the treatment schedule of Tamiflu is very dependent on fast identification 

and treatment initiation with as little as a 24 hour delay nullifying the beneficial effects. In 

contrast, NSC61610 treatment was initiated at 24 post-infection in all studies and retained 

effects. 

 

In summary, our data demonstrates for the first time that oral NSC61610 treatment 

ameliorates the morbidity and mortality associated with pandemic H1N1pdm influenza 

virus infection by suppressing the trafficking of inflammatory tissue-damaging cells (i.e., 

monocytes and neutrophils) and increasing IL-10-producing CD8+ T cells and regulatory 

macrophages in the lungs in a LANCL2-dependent manner, thereby validating the role of 

the LANCL2 pathway as a novel host-targeted therapeutic against influenza that modulates 

the balance of effector and regulatory host responses in the lungs and systemically. 

NSC61610 improves clinical measures of disease compared to a current standard of care, 

oseltamivir (Tamiflu). Given the risk of developing resistance to Tamiflu and other agents 

targeting directly the virus, future studies should explore utilizing LANCL2-based host-

targeted therapeutics in combination with lower doses of licensed anti-viral drugs. 

 

4.11 Materials and methods 

 



52 

 

Animal Procedures  

 

Eight-to-ten week old wild type C57BL/6 mice and LANCL2 knockout mice on a C57BL/6 

background were challenged intranasally with 350 pfu/mouse of Influenza A H1N1pdm 

strain. NSC61610 treated mice within this study received 20 mg/kg/day of NSC61610 

orally by gavage. Formulations of NSC61610 treatment were prepared in PBS containing 

25mg 2-hydroxypropyl-beta-cyclodextrin (HPBCD) per mg NSC61610. Untreated mice 

received equal volume of sterile PBS containing HPBCD. NSC61610 was given from day 

0 to day 12, daily in 24-hour intervals. Mice treated with oseltamivir phosphate were given 

10mg/kg/day in two doses separated by 12 hours. All mice were weighed daily. Mice were 

housed at the animal facilities at Virginia Tech.  Mice (n=10-15 per group and time point) 

were sacrificed at 3, 7, or 12 days post-infection (dpi) and samples were collected for 

analysis of gene expression, immunophenotyping of infiltrating cells and histopathological 

examination. IL-10 neutralization was conducted by intraperitoneal injection of anti-IL10 

antibody (R&D Systems #MAB417). 100 μg/mouse was injected on the same day as 

NSC61610 treatment initiation. The initial dosage was followed with a 50μg/mouse dose 

on days 6 and 9 post-infection. 

 

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of Virginia Tech and met or exceeded requirements of the Public 

Health Service/National Institutes of Health and the Animal Welfare Act. The IACUC 

approval IDs for the study were 10-157-VBI and 14-007-VBI. Mice were monitored every 

4 hours post-infection and humanely euthanized. 

 

Histopathology 

 

Lung samples were collected at 3, 7, or 12 days post-infection and fixed in 10% buffered 

formalin. Samples were stained with hematoxylin and eosin and lesions were graded 0 to 

4 on the following categories: 1) epithelial necrosis, 2) perivascular cuffing, 3) leukocytic 

infiltration of the mucosa and submucosa of large airways and 4) terminal airway 

infiltration. Tissue slides were examined in an Olympus microscope (Olympus America 

Inc., Dulles, VA). 

 

Quantitative Real Time RT-PCR 

 

Total RNA was isolated from lungs. Quantitative PCR was performed on the cDNA using 

Taq DNA polymerase (Invitrogen, Carlsbad, CA) and using previously described 

conditions [145]. Purified amplicons were used to optimize quantitative real-time RT-PCR 

conditions and to generate standard curves. Primer concentrations and annealing 

temperatures were optimized for the iCycler iQ system (Bio-Rad) for each set of primers 

using the system's gradient protocol. cDNA concentrations for genes of interest were 

examined by RT-PCR using an iCycler IQ System and the iQ SYBR green supermix (Bio-

Rad) [145]. A standard curve was generated for each gene using 10-fold dilutions of 

purified amplicons starting at 5 pg of cDNA. In order to determine the number of products 

synthesized during the real-time PCR, a melting curve analysis was performed on each 

product. RT-PCR was used to measure the starting amount of nucleic acid of each unknown 
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sample of cDNA on the same 96-well plate. Results are presented as starting quantity of 

target cDNA (picograms) per microgram of total RNA as previously described [145]. 

 

Immunophenotyping of Immune Cells Infiltrating the Lungs of Mice  

 

The whole left lobe was collected in 15 mL of 1xRPMI supplemented with FBS, HEPES, 

and calcium chloride and chopped into small pieces to facilitate the digestion. Lung 

digestion was performed by adding 300 U/mL of Collagenase and 50 U/mL of DNAse and 

incubated for 60 to 90 minutes at 37°C under agitation. Cell yield was measured in a 

particle counter (Beckman Coulter) after digestion and subsequent filtration through 

100μm strainers. Red blood cells were eliminated by hypotonic lysis and cells were finally 

resuspended in 1 mL of PBS containing 5% serum and 0.09% sodium azide (FACS buffer). 

Cells were incubated with combinations of up to 9 antibodies to markers (CD3, CD4, CD8, 

CD11b, CD11c, CD19, CD45, F4/80, Gr1, Ly6C, MHC-II, NK1.1, SiglecF, CX3CR1, 

CD64, PD-1, and IL-10). Thirty thousand events were computed in a LSRII flow cytometer 

(Becton Dickinson). Hematopoietic cell phenotype analysis was performed in FACS diva 

with the following gating discrimination: 1) live cells based of FS vs SS, 2) doublet 

exclusion based on FSC vs FSW, and 3) Selection of CD45+ events. 

 

Plaque assay 

 

MDCK cells were grown to confluency within 6 well plates. Cells were washed of serum 

containing media prior to exposure. Serial dilutions of virus sample were made in serum-

free growth media containing fraction V BSA. Cells were incubated with 1mL of virus 

dilution for 1 hour at 37°C. Supernatant was removed and cells were washed. Cells were 

overlayed with a MEM-agar mixture and incubated for 72 hours. Overlay was removed 

and wells were stained with crystal violet. Lowest dilution with at least 50 plaques was 

counted. 

 

Expression and purification of the recombinant LANCL2 proteins  

 

Transformed BL21(DE3) E. coli cells were initially cultured in Luria–Bertani medium with 

100 μg/ml ampicillin at 37°C 240 RPM until the culture reached an A600 of 0.3. GST-

LANCL2 was expressed by adding 0.1 mM isopropyl-β-d-thiogalactopyranoside. Induced 

cells were incubated for 16 hours at 20°C 170 RPM. Cells were harvested by centrifugation 

45 minutes 1,559 RCF and lysed by sonication in 50 mM Tris–HCl, pH 8.0, 150 mM NaCl 

with 0.3 mM Tris(2-carboxyethyl)phosphine (TCEP). Post membrane disruption, lysates 

were centrifuged at 17,211 RPM 20 minutes at 4 °C. GST-LANCL2 fusion protein was 

purified by affinity chromatography using Glutathione (GSH)-Sepharose-4B (GE 

Healthcare). GST-LANCL2 was eluted from GSH-Sepharose-4B by incubating the resin 

with 10 mM GSH in 50 mM Tris–HCl, pH 8.0, 150 mM NaCl with with 0.3 mM TCEP. 

GST-LANCL2 proteins were run through a gel filtration column. The fusion proteins were 

further purified by the AKTA Fast protein liquid chromatography (FPLC) purification 

systems  (GE Healthcare). Protein concentrations were determined by bicinchoninic acid 

assay.  Protein purity was assessed by SDS–PAGE (sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis); gels were stained with ProSieve Blue Protein Staining 

solution.  

 

Sensor chip preparation 

 

Direct binding experiments were performed via the Biacore T200 surface plasmon 

resonance (SPR) Technology (Georgetown University). The flow rates were 10 μL/min for 

all capture and initial testing studies and 100 μL/min for affinity studies. The GST-

LANCL2 was immobilized to a CM4 chip by amine coupling method. Two adjacent 

surfaces were activated by injection of a 1:1 (v:v) mixture of 0.1 M N-Hydroxysuccinimide 

(NHS) and 0.4 M 1-Ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide hydrochloride (EDC) 

for 720 seconds. Experimental flow cell was then injected with the GST-LANCL2 that was 

diluted in 10 mM pH 5.5 sodium acetate buffer to a final concentration of 25 μg/mL. Both 

experimental and the reference flow cells were inactivated by injection of 1M 

Ethanolamine-HCl pH 8.0 for 720 seconds. 

 

Kinetic studies of ABA and NSC61610 

 

A final GST-LANCL2 surface density (RL) of 7500 RU equivalent to an Rmax of 53 RU 

and 26 RU for NSC61610 and ABA was obtained, respectively. Following initial binding 

studies, it was determined that binding of small molecules to the LANCL2 was occurring 

with a fast off rate. Therefore, no regeneration step was required following small molecule 

injections. Binding affinity was calculated following injection of small molecules at 4 

different concentrations (12.5 μM, 6.25 μM 3.13 μM and 1.57 μM) in triplicates. Injection 

time was 60 seconds and dissociation time was 300 seconds. Running buffer for binding 

studies was 25 mM MOPS (pH 6.5), 150 mM NaCl, 0.05% P-20, 5% DMSO. Data was 

analyzed by using the BiaEvaluation software v1 (GE Healthcare) with 1:1 binding model 

for steady state affinity. Raw data was exported and graphed using Prizm for Mac v5.0d. 

 

Statistical Analysis 

 

Data from the first mouse challenge study were analyzed as a series of factorial 

arrangement designs. To determine the statistical significance of the model, we performed 

analysis of variance (ANOVA) using the general linear model procedure of Statistical 

Analysis Software (SAS), and P value < 0.05 was considered to be significant. When the 

model was significant, ANOVA was followed by Fisher's Protected Least Significant 

Difference multiple comparison method. 
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Chapter 5 

 

 

Concluding remarks 

 

Andrew Leber, Raquel Hontecillas, Josep Bassaganya-Riera 

 

The mucosal immune system is rich with complex behaviors from conditional interactions, 

patterns of feedback, and non-linear responses. Therefore the development of predictive 

mechanistic and data-driven models in concert with experimentation and observation can 

greatly aid in the completeness of scientific knowledge and the advancement of therapeutic 

and precision medicine modalities. 

 

In Chapter 2, the dissertation describes a computational model of host pathogen 

interactions during C. difficile infection. The ordinary differential equation based model 

was calibrated to capture the dynamics of the immune system and microbiota observed 

within a mouse model of infection. From sensitivity analysis, the model identified that the 

balance between Th17 and Treg cells is critical to the balance C. difficile clearance with 

the prevention of epithelial cell damage. However, the strongest correlation with improved 

disease response was identified to be with the regrowth of commensal microbiota. Based 

on the simulation and analysis, the production of anti-microbial peptides was assessed 

experimentally and identified to be strongly correlated with commensal bacteria regrowth. 

Through computational simulation, inhibiting the production of anti-microbial peptides 

from epithelial cells and neutrophils decreased colonic inflammatory markers and 

accelerated regrowth of the commensal microbiome.  

 

In Chapter 3, the immunometabolic role of NLRX1 in CD4+ T cells was described. With 

the loss of NLRX1, mice had altered disease response in DSS, adoptive transfer and C. 

rodentium models of colitis. These differences were highlighted by augmented responses 

in effector CD4+ T cells. With the aid of RNA-sequencing, a shift in metabolic behavior 

was observed with NLRX1-/- groups possessing higher expression of lactate associated 

genes and lower expression of tricarboxylic acid associated genes. Upon further 

examination in vitro, NLRX1-/- cells proliferated at greater rates and had higher glycolytic 

and lactate dehydrogenase activity. When these differences were inhibited, the differences 

in differentiation and proliferation were abrogated, suggested an immunometabolic role of 

NLRX1. 
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In Chapter 4, a novel ligand was used to identify the potential for activating the LANCL2 

pathway for the treatment of influenza virus infection. Following the observation that the 

recovery of LANCL2-/- mice was impaired, the use of NSC61610 allowed for the 

determination that LANCL2 activation lessened disease severity, protected against 

mortality and accelerated recovery. Mechanistically, these effects were linked to the 

increased production of IL10 from CD8+ T cells and mononuclear phagocytes that 

activated tissue repair and recovery associated cell types and gene expression. When 

compared to the current influenza treatment, Tamiflu, LANCL2 activation displayed 

improved responses in severity and mortality.  

 

The promise of systems immunology is illustrated by the three studies presented. Each 

represents a separate step on the path to precision medicine whether the establishment of 

robust in silico mechanistic models, the discovery of trans-disciplinary means of regulation 

or the development of alternative treatment strategies. In all the presented experiments, a 

common theme arises that the promotion of immunoregulatory pathways, in the promotion 

of commensal microbiota regrowth, the control of effector immune cell associated 

metabolism or the prevention of infection-associated tissue damage, is a promising avenue 

to pursue in both infectious and immune mediated disease.  
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