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Abstract  

It is estimated that 1.7 million Americans suffer from sepsis every year. While 

improvements in intensive care over the last 30 years have reduced mortality from the initial 

septic event from 80% to 10-20%, sepsis survivors suffer from a functional impairment of the 

immune system resulting in increased susceptibility to secondary infection that can last for years. 

In fact, approximately 70% of sepsis related deaths are due to secondary infection that occurs 

after the initial septic event as result of immunosuppression. While our understanding of sepsis 

has grown and improved over the last several decades, there are currently no approved targeted 

therapies for treatment of the dysregulated host response to the initial infection or the subsequent 

sepsis induced immune suppression. An improvement of our understanding of the mechanisms 

responsible for the dysregulated host response to infection and the immunosuppression observed 

after sepsis will be critical for developing effective therapies and improving the survival and 

quality of life for septic patients.  

Previous research has found that despite the transient nature of the CD4 T cell 

compartment depletion, recovery is uneven when looking at naïve antigen specific populations. 

Furthermore, it is unknown what impact this uneven recovery has on immunization responses, 

including CD4 T cell-dependent B cell responses, and how recovery occurs in memory 

populations of antigen specific CD4 T cells. In the following studies, we have investigated the 

hypothesis that alterations in the number and function of antigen specific populations of CD4 T 

cells after sublethal CLP-induced sepsis are responsible for the suppressed immunity that leads to 

increased mortality from secondary infection in sepsis survivors. Additionally, we have 

investigated inflammatory responses and CD4 T cell compartment depletion in an immune 

experienced mouse using various models of sepsis. Through these efforts we have uncovered 
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evidence of innate immune training in the cohoused immune experienced mouse which heightens 

inflammatory responses and reduces survival following sepsis onset.  

Our rationale for these studies is that once we understand how immune experience 

influences inflammatory responses and cells within the adaptive immune system are affected 

during sepsis, we will be able to develop new and innovative therapeutic approaches to restore 

immune cell numbers and function in sepsis survivors. 
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Chapter 1: Background and Introduction 

I. What is Sepsis? 

 Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated 

host response to infection[1,2]. Sepsis represents a significant but under acknowledged 

medical problem worldwide and in the United States where there are an estimated 1.7 

million cases of sepsis annually resulting in 265,000 deaths, with the elderly and patients 

with comorbidities at particularly high risk for sepsis[3]. Furthermore, sepsis represents a 

significant social and economic burden costing an estimated 17 billion annually in the 

United States and the long-term health-related quality of life of survivors of sepsis 

diminished compared to that of the general population[4–7].  

 In the past, sepsis was understood as a predominately hyperinflammatory disease 

cause by an invasive pathogen. More recently it has become clear that sepsis is a highly 

heterogeneous disease consisting of prolonged inflammatory and immunosuppressive 

mechanisms occurring simultaneously and the inability for the immune system to return 

to homeostasis[8–12]. While sepsis is complex and variable, with both inflammatory and 

anti-inflammatory queues occurring in parallel, it is commonly understood to occur in 

two phases: the early hyperinflammatory phase and a late immunosuppressive phase. In 

the early phase of the disease both proinflammatory and anti-inflammatory mechanisms 

occur simultaneously. Despite the contrasting mechanisms of both inflammatory and 

anti-inflammatory signals occurring in tandem, this phase is characterized by a 

predominantly hyper-inflammatory state driven by proinflammatory cytokines and 
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chemokines in the presence of a disseminated infection[9]. In the late phase, following 

the initial hyperinflammatory phase, as the host recovers from the initial septic event, the 

immune system becomes hyporesponsive, leading to a chronic immunosuppressive state. 

Patients that survive the initial hyperinflammatory phase of sepsis suffer from low grade 

inflammation and protracted immune suppression that contribute to the majority of sepsis 

related deaths[9]. Early detection and advancements in critical care and life support 

medicine have greatly improved survival rates of patients in the 3 days following the 

initial injury leading to sepsis where acute death from sepsis is no longer the major cause 

of mortality for these patients[11]. Today, approximately 70% of sepsis-related deaths 

occur after the patient has recovered from the initial hyperinflammatory phase, with 

many patient deaths occurring weeks or months later[9]. Reduced numbers of immune 

cells in septic patients occur as the result of apoptotic lymphocyte death and contribute to 

the decreased responses to new or secondary infections and reactivation of latent 

viruses[2,13–21]. This sepsis-induced lymphopenia is transient but immune suppression 

and hypo-responsiveness after a septic event extend beyond the point of the recovery of 

absolute lymphocyte numbers[9,13]. This persistent immune suppression following a 

septic event is now considered a leading reason for the extended period of increased 

susceptibility to pathogens that are normally cleared in healthy individuals[4,19–21]. 

II. Immunopathology and Immunosuppression in Sepsis 

 Sepsis is commonly attributed to over exuberant immune activation in response to 

the loss of control of a localized infection resulting in a systemic or blood borne 

infection. Causes of sepsis are highly heterogeneous with the most common being 
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pneumonia, urinary tract infections, and intraabdominal infections with cultures positive 

for Staphylococcus aureus, Streptococcus pneumoniae, Escherichia coli, and 

Pseudomonas aeruginosa[5,22,23]. During an infection, complement is activated and 

cellular components of the innate immune system including macrophages, monocytes, 

dendritic cells, and neutrophils recognize conserved pathogen-associated molecular 

patterns (PAMPs) on invading pathogens using pattern recognition receptors[24]. 

Typically, the innate immune system can clear the infectious microorganisms quickly. 

However in sepsis the pathogen escapes control by the immune system resulting in 

excessive activation of the innate immune system through PAMPs, pro-inflammatory 

cytokines and chemokines including Tumor necrosis factor (TNF), IL‑1β and IL‑6, 

complement activation, and platelet activation[25–28]. These pro-inflammatory 

mediators are critical for activating immune mechanisms such as leukocyte recruitment, 

cell death, and coagulation needed to clear and prevent spread of the pathogen. However, 

when unleased systemically they can contribute to vascular leakage, neutrophil 

recruitment, disseminated intravascular coagulation (DIC), multi-organ dysfunction 

syndrome (MODS), and the release of damage-associated molecular patterns (DAMPs). 

Furthermore, the systemic inflammatory response syndrome (SIRS) results in a striking 

lymphocyte depletion through apoptotic mechanisms and activates a compensatory anti-

inflammatory response syndrome (CARS). This response results in widespread immune 

suppression and enhanced susceptibility to secondary infection and viral 

reactivation[13,17,29–31].  
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 Immune suppression in septic patients was first reported by Meakins et al. in 1977  

in a publication which observed reduced delayed type hypersensitivity (DTH) responses 

following skin testing with various recall antigens[32]. Reduced DTH responses were 

associated with increased risk for secondary infection and mortality[32–34]. Following 

the observations of reduced DTH responses in septic patients, reports of immune 

suppression in septic patients became more numerous and span various cell types and 

immune mechanisms. Particularly in the last ten years publications on sepsis induced 

immune suppression have skyrocketed. Today it is well known that sepsis results in 

profound alterations to the immune system. These include depletion and anergy of 

various immune cells including dendritic cells (DCs), CD4 and CD8 T cells and B cells 

and expansion of immunosuppressive cell types such as regulatory T cells (Tregs) and 

myeloid-derived suppressor cells (MDSCs)[16,18].  

  Apoptosis is one of the most frequently described mechanisms involved in the 

loss of lymphocytes and sepsis induced immune suppression. Hotchkiss et al. observed 

apoptotic cell death in a large proportion of spleen (56.3%), colon (47.1%), and ileum 

(27.7%) specimens collected from septic patients[15]. In the same study, 

immunohistochemical staining demonstrated increased active caspase-3 in spleens from 

septic shock patients compared to other critically ill patients without sepsis. These 

findings are supported by others who have found elevated caspase activity and enhanced 

annexin V staining in apoptotic lymphocytes isolated from the spleens of septic patients. 

Blood samples from septic patients show increased lymphocyte apoptosis with some cells 

expressing active caspase-9 and other cells expressing active caspase-8 potentially 
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suggesting that both the death-receptor and mitochondrial pathway can induce 

lymphocyte apoptosis in sepsis[35]. Using various models such as transgenic mice and 

caspase-inhibitors, studies have shown that blocking of lymphocyte apoptosis improves 

survival in sepsis[36–39]. 

III. Mouse Models of Sepsis 

 Sepsis is a complex and widely heterogeneous syndrome with many variables, 

including the initial injury, location of infection, pathogen identity, immune status, 

patient genetics, and comorbidities. Due to the significant burden on the healthcare 

system, many resources have been dedicated to developing, improving, and studying 

various models of sepsis. However, because of the complex and heterogenous nature of 

sepsis, few models have managed to effectively recreate the biochemical and 

pathophysiological characteristics observed in septic patients.  

 Numerous murine models of sepsis have been developed over the last several 

decades. Typically these rely on one of three approaches: delivery of exogenous 

pathogen-derived toxins (such as zymosan, lipopolysaccharide), infectious pathogens 

(bacteria, viruses or fungus), or surgical disruption of barrier tissues. The surgical models 

include colon ascendens stent peritonitis and cecal ligation and puncture (CLP) to induce 

polymicrobial sepsis. In addition to these three approaches, “two-hit” models which 

apply two of the above approaches have been utilized in an effort to recapitulate septic 

outcomes as a result of secondary nosocomial infection[40]. 
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 The delivery of exogenous pathogen-derived toxins such as zymosan and 

lipopolysaccharide (LPS) have the advantage of being simple to administer, highly 

reproducible, and result in elevation of several proinflammatory cytokines found to be 

increased in septic patients[41]. However, because these agents rely on activation of the 

innate immune system through a single receptor (Dectin-1 and Toll-like receptor 4) and 

do not involve an infectious pathogen, they fail to recapitulate the complex nature of the 

proinflammatory cytokine response seen in humans including peak levels and duration. It 

is also important to note that unlike humans, most strains of laboratory mice are naturally 

endotoxin. The use of infectious pathogens to induce sepsis is more complicated than 

zymosan and lipopolysaccharide and requires the researcher to grow and quantify the 

microorganism prior to inoculation. Additionally, while this model allows for the study of 

the host response to a pathogen, infection with a single bacteria, virus, or fungi does not 

accurately recapitulate the infectious agents in septic patients, which are typically 

polymicrobial and derived from the hosts’ microbiome. To initiate a polymicrobial sepsis 

derived from the hosts’ microbiome, some have implemented the cecal slurry model of 

sepsis which involves harvesting cecal material from donor mice and preparing an 

injectable slurry which is injected intraperitoneally (i.p.) into recipient mice[42]. 

However, injection delivery of infectious pathogens does not involve tissue injury and 

necrosis, common and important factors in human sepsis[41].  

 Of the murine models used to study the complex, multifactorial pathophysiology 

of sepsis, the surgical cecal ligation and puncture model is one of the most popular. The 

CLP technique was initially developed as a porcine model of sepsis, and was rapidly 
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adapted to other animal model systems[43–45]. Today, this model typically involves 

anesthetization of a mouse, an abdominal incision, and ligation and puncture of the 

cecum. This results in tissue necrosis and polymicrobial sepsis secondary to autologous 

fecal leakage, as well as hemodynamic and biochemical responses similar to those seen in 

septic humans[41,43,46,47]. Additionally, a transient numerical reduction of multiple 

immune cell types, followed by the development of prolonged immune suppression, 

occurs in CLP-induced sepsis just as in humans[48]. Use of the CLP model has led to a 

vast expansion in knowledge regarding the intricate changes that occur within the 

immune system following a septic event.  

 In spite of extensive research into experimental models of sepsis, few effective 

therapies for human septic patients have been produced. While the CLP mouse model of 

sepsis accurately recapitulates many aspects of human sepsis, key differences between 

laboratory mice and humans fighting sepsis have impeded discovery of effective sepsis 

therapies[41,43,46,47]. One of these differences stems from the fact that humans are 

exposed to commensal and pathogenic microbes on a daily basis, which together with 

vaccination shape and mature both the innate and adaptive arms of the immune system to 

provide long-lasting protection against future microbial challenge. In contrast, 

immunological memory is minimal, equivalent to that of neonatal human, in most 

laboratory mice used in biomedical research due to specific pathogen free (SPF) housing 

conditions[49]. However, mice in the wild and available at local pet stores have increased 

exposure to naturally occurring murine microbes and pathogens and subsequently have 

more immunological memory comparable to the immune system of adult humans[50]. It 
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has been shown that by cohousing laboratory mice with microbially experienced pet store 

mice, natural pathogen transfer can alter the murine immune system to more closely 

resemble that seen in adult humans[50]. The maturation of the immune system in 

cohoused (COH) mice following microbial experience has a significant impact on 

immune responses[50]. Use of SPF-housed laboratory mice in the CLP sepsis model has 

revealed and continues to reveal a wealth of information into the pathophysiology and 

immunoparalysis seen during sepsis, but the use of microbially-experienced ‘dirty’ mice 

can provide sepsis researchers with another important preclinical tool for interrogating 

sepsis.  

 In Chapter 4, I will present data from COH mice illustrating how microbial 

exposure can enhance the innate immune response and increase the risk of 

immunopathology from a severe cytokine storm in various experimental models of 

sepsis. 

IV. CD4 T Cell Loss and Dysfunction in Sepsis 

 CD4 T helper (Th) cells are critical for the full and proper function of various 

immune cell populations and are essential in eliciting a productive and protective immune 

response[24]. CD4 T cells have the unique flexibility of functioning in an array of 

immunological settings due to their plastic ability to differentiate into a variety of 

phenotypic subsets based on the inflammatory milieu produced in response to the 

infectious stimuli[51,52]. The phenotypic subsets of CD4 T cells include Th1, Th2, Th17, 

follicular helpers (Tfh) and Tregs[24,52]. Upon infection, CD4 T cells differentiate into 
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effector T cell subsets and proliferate. Differentiation is dictated by the local cytokine 

environment, innate immune cell contacts, costimulatory molecule signaling, T cell 

receptor (TCR) signal strength and Notch signaling[24,52]. Following differentiation, 

each T helper cell fate has a unique master transcription factor that promotes linage 

specific functions including cytokine production[24]. Th1 cells express IFN-γ which 

activates macrophages and promotes expression of major histocompatibility complex 

(MHC) class I[24,52]. Th1 cells are important in defending against intracellular bacteria 

and viruses[24]. In contrast, Th2 cells activate eosinophils and basophils though 

production of IL-4, IL-5 and IL-13 allowing for defense against helminth parasites[24]. 

Th17 cells help to eradicate extracellular bacteria and fungi by activating neutrophils and 

the epithelium through expression of IL-17 and IL-22[24]. Tfh express CD154 (CD40 

ligand) and IL-21 and facilitate affinity maturation, proliferation, and efficient isotype 

switching in primary and memory B cells[24]. While the most CD4 subsets promote 

pathogen clearance, regulatory T cells work to regulate inflammatory responses, reduce 

tissue damage during infection and prevent autoimmunity, in part through the production 

of IL-10 and TGF-β[24]. Following pathogen clearance, the responding effector CD4 T 

cells contract leaving behind a small pool of memory CD4 T cells[53–55]. These memory 

cells are primed to respond more quickly and robustly upon secondary pathogen 

encounter[53–55]. 

 CD4 T cell counts in patients with sepsis are greatly reduced, frequently to levels 

as low as patients with life-threatening AIDS[16,56–60]. While the lymphopenia is 

transient with many studies seeing recovery of circulating CD4 T cells (≥500 cells/mm3) 
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by 3 or 4 weeks post sepsis, other studies have observed reductions in the number of 

circulating CD4 T cells (<500 cells/mm3) in septic patients up to 6 weeks post 

sepsis[57,61]. Sepsis-induced depletion is observed in naïve and antigen experienced 

CD4 T cell populations[62–64]. CD4 T cells remaining in the periphery after CLP-

induced sepsis undergo homeostatic proliferation to compensate for numerical reduction 

and acquire memory-like characteristics, including expression of antigen experienced or 

memory phenotype markers CD44, CD11a, and CD49d[62,65]. Cabrera-Perez et al. 

found that numerical recovery of the CD4 population following sepsis is not dependent 

on output from the thymus and that thymectomized mice have similar CD4 T cell 

recovery kinetics.  

 In addition to the numerical depletion of CD4 T cells, there are significant 

functional deficits in the CD4 compartment that persist after sepsis. While not solely 

dependent of CD4 T cells, the reduced DTH response discussed previously suggests a 

potential defect in CD4 T cell function as cytokine production from CD4 T cells is 

required for DTH responses. Splenocytes freshly isolated postmortem from septic 

patients and stimulated with lipopolysaccharide or anti-CD3/anti-CD28 antibodies have 

been found to produce little to no TNF, IFN-γ, IL-6 and IL-10[66]. Studies specifically 

assessing CD4 T cell function have found reduced ability to proliferate and produce IFN-

γ[67,68]. Furthermore, heightened expression of inhibitory receptors including PD-1, 

TIM3, LAG3, 2B4 and CTLA-4 has been reported on CD4 T cells[63,66,69–71]. While 

most CD4 T cells subsets (Th1, Th2, Th17 and Tfh) are reduced numerically and 

functionally after sepsis, Tregs are not similarly impacted. Several studies have shown 
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that Treg numbers are increased after sepsis and cytokines made by Tregs are increased 

in the serum of sepsis survivors[72–74].  

 Studies examining sepsis-induced lymphocyte apoptosis, depletion, and 

dysfunction typically examine total populations of CD4 and CD8 T-cells, occasionally 

categorizing them by naïve and antigen experienced based on CD44 expression. While 

this depth of differentiation is informative, it does not adequately assess the unique 

characteristics of individual antigen-specific populations. Employing a peptide:MHC 

class II tetramer enrichment technology the Griffith lab has studied endogenous antigen-

specific CD4 T cell repertoires at different time points after sepsis[31,62,64]. This work 

has found asymmetric depletion and recovery of antigen-specific naive CD4 T cells after 

sepsis. Antigen-specific populations with incomplete naive precursor recovery after 

sepsis correlated with reduced proliferative capacity, cytokine production and pathogen 

clearance during antigen-specific CD4 T cell responses. Additionally, it was found that 

sepsis alters TCR clonotype composition, an observation that has also been made in 

human septic patients[75].  

 To build on our current understanding of how sepsis impacts CD4 T cells, in 

Chapter 3 I have employed peptide:MHC class II tetramer enrichment technology to 

investigate how CLP-induced sepsis alters the number and function of antigen-specific 

memory CD4 T cells and contributes to the characteristic long-lasting immunoparalysis 

seen after sepsis. 
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V. Impact of Sepsis on B Cells and Antibody Production 

 Most vaccines generate immunity to viruses (Influenza, Polio, Human 

papillomavirus) and bacteria (diphtheria, tetanus, pertussis) in part by producing high 

affinity antibodies for neutralization, opsonization, antibody-dependent cellular 

cytotoxicity and complement activation[76–79]. Antibody responses can be classified as 

T cell-dependent and T cell-independent based on their requirement for CD4 T cell help. 

Typically, B cell responses that result in high affinity, isotype switched antibodies require 

T cell help. To obtain CD4 help, B cells must present antigen-derived peptides on MHC 

class II (p:MHCII) to a CD4 cell that has been activated by the same p:MHCII 

complex[24]. CD4 T cells that detect B cells presenting their cognate antigen will provide 

critical help to the B cell in the form of CD154 and IL-21 which allows the B cell to 

proliferate and undergo immunoglobulin heavy chain isotype switching[24,80,81]. The 

cells resulting from this proliferative burst will differentiate into plasmablasts, 

plasmacells, memory B cells, and germinal center (GC) cells[24,80]. Plasmablasts work 

to increase the levels of circulating high-affinity antibodies. Memory B cells are 

important for responding to a secondary infection and can generate plasmacells more 

rapidly than naïve B cells[82]. Some of the B cells will upregulate the transcription factor 

Bcl6 and travel to a primary lymphoid follicle, become GC B cells and undergo further 

class switching, Tfh-dependent somatic hypermutation, and affinity maturation[80]. 

These processes mutate the variable regions of the immunoglobulin genes and are 

essential for generating and selecting B cells producing the highest affinity antibodies to 

eliminate pathogens[24,80]. 
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 The consequences of sepsis on B cell phenotype, function, and CD4 T cell-

dependent antibody responses are poorly understood and rarely studied. B cell numbers 

in patients with sepsis are greatly depleted due to apoptosis. Additionally, reduced 

lymphoid follicle area and B cell area in secondary lymphoid organs have been 

observed[16,56]. While there appears to be agreement across several studies that the total 

B cell population is reduced, there is conflicting evidence regarding other B cell 

population characteristics post-sepsis. One study observed reductions in the frequency of 

memory B cells but not naïve[83], while another group found reductions in naïve B cells 

but not memory[83,84]. Reduced serum levels of IgM have been observed in adult septic 

patients[84], while in the colon ascendens stent peritonitis and CLP mouse models of 

sepsis increased baseline IgM and IgG serum concentrations have been reported[85,86].  

 Despite the many studies examining CD4 T cell and B cell characteristics after 

sepsis, there is a paucity of information on the impact of sepsis on immunization and 

CD4 T cell-dependent antibody responses. The one study examining the impact of sepsis 

on immunization and CD4 T cell-dependent antibody responses found that antigen-

specific antibody production was strongly impaired when mice were immunized with 

ovalbumin in alum 2 days post CLP-induced sepsis[86]. Specifically, the authors 

observed large reductions in OVA-specific IgM, IgG1 and IgG2a[86].  

 In Chapter 2, I present data showing that CLP-induced sepsis impacts humoral 

immunity by affecting the number and function of both antigen-specific B cells and CD4 

Tfh cells. 
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VI. Concluding Remarks 

 Sepsis is a complex and widely heterogeneous syndrome with devastating effects 

on host immunity. In the following studies, we have investigated the long-term impacts 

of sepsis on CD4 T cell responses to immunization and secondary infection. We have 

also investigated inflammatory responses and CD4 T cell compartment depletion in 

immune experienced mice using various experimental models of sepsis. We have found 

that alterations in the number and function of CD4 T cells after sublethal CLP-induced 

sepsis are responsible for the suppressed immunity that leads to increased mortality from 

secondary infection. Additionally, we have uncovered evidence of innate immune 

training in cohoused immune experienced mice which heightens inflammatory responses 

to various experimental models of sepsis.  
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Chapter 2 

Sepsis-induced Immunosuppression  

Impairs Ag-Specific T Cell-Dependent B Cell Responses1  

 
1 This Chapter has been previously published. Frontiers in Immunology, Volume 9. Sjaastad FV, 
Condotta SA, Kotov JA, Pape KA, Dail C, Danahy DB, Kucaba TA, Tygrett LT, Murphy KA, 
Cabrera-Perez J, Waldschmidt TJ, Badovinac VP and Griffith TS. Polymicrobial Sepsis Chronic 
Immunoparalysis Is Defined by Diminished Ag-Specific T Cell-Dependent B Cell Responses, 
pp.2532 © 2018 Sjaastad, Condotta, Kotov, Pape, Dail, Danahy, Kucaba, Tygrett, Murphy, 
Cabrera-Perez, Waldschmidt, Badovinac and Griffith. 



16 
 

Immunosuppression is one hallmark of sepsis, decreasing the host response to the 

primary septic pathogens and/or secondary nosocomial infections. CD4 T cells and B 

cells are among the array of immune cells that experience reductions in number and 

function during sepsis. “Help” from follicular helper (Tfh) CD4 T cells to B cells is 

needed for productive and protective humoral immunity, but there is a paucity of data 

defining the effect of sepsis on a primary CD4 T cell-dependent B cell response. Using 

the cecal ligation and puncture (CLP) mouse model of sepsis induction, we observed 

reduced antibody production in mice challenged with influenza A virus or TNP-KLH in 

alum early (2 days) and late (30 days) after CLP surgery compared to mice subjected to 

sham surgery. To better understand how these CD4 T cell-dependent B cell responses 

were altered by a septic event, we immunized mice with a Complete Freund's Adjuvant 

emulsion containing the MHC II-restricted peptide 2W1S56−68 coupled to the 

fluorochrome phycoerythrin (PE). Immunization with 2W1S-PE/CFA results in T cell-

dependent B cell activation, giving us the ability to track defined populations of antigen-

specific CD4 T cells and B cells responding to the same immunogen in the same mouse. 

Compared to sham mice, differentiation and class switching in PE-specific B cells were 

blunted in mice subjected to CLP surgery. Similarly, mice subjected to CLP had reduced 

expansion of 2W1S-specific T cells and Tfh differentiation after immunization. Our data 

suggest CLP-induced sepsis impacts humoral immunity by affecting the number and 

function of both antigen-specific B cells and CD4 Tfh cells, further defining the period of 

chronic immunoparalysis after sepsis induction. 
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I. Introduction 

Vaccination or infection is one of the most effective ways to generate immunity to 

microbes. Efficacious vaccinations and natural infection elicit antibody (Ab) production 

by B cells and their progeny, providing a first line of defense against subsequent 

microbial invasion. B cells recognize a wide variety of antigens (Ag), including proteins, 

lipids, polysaccharides, nucleic acids, and chemicals that bind to surface IgM or IgD[87]. 

While serving as a major means of protection against extracellular pathogens and the 

various toxins they produce, Ab are also a vital means of defense against intracellular 

pathogens (including viruses) because of their ability to neutralize the pathogen before 

they can enter a cell, preventing the spread of infection[88,89]. Ab responses can be 

classified as “T cell-dependent or –independent,” based on the use of CD4 T cell 

help[90]. B cell responses to protein Ag in the absence of CD4 T cell help are weak, 

producing Ab with low affinity. In contrast, B cell responses generated with the help of 

CD4 T cells produce high affinity, class-switched Ab. 

There has been considerable interest in recent years in CXCR5+PD-1+Bcl6+ 

follicular helper CD4 T (Tfh) cells—the specialized CD4 T cell subset that provides help 

to B cells—and understanding the role they play in facilitating the proliferation and 

function of primary and memory B cells[91,92]. When Tfh cells detect B cells presenting 

their cognate Ag, they upregulate CD154 expression and secrete a number of cytokines to 

promote B cell proliferation and differentiation into plasma cells[93,94]. During the early 

Ab response plasma cells secrete Ab and some degree of isotype switching occurs. A few 

of the activated B cells return to the follicle, accompanied by Tfh cells, where they 
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proliferate and form a germinal center (GC) in response to the Tfh cell-derived signals. 

The proliferating GC B cells undergo immunoglobulin (Ig) heavy chain isotype 

switching, somatic hypermutation of Ab gene variable regions, and affinity maturation. 

Repeated exposure to their cognate Ag promotes the B cells to produce the highest 

affinity and most efficacious Ab for neutralization of microbes and their toxic products 

and differentiate into long-lived plasma cells and memory B cells[95–97]. 

The importance of both the humoral and cellular arms of the adaptive immune 

system for overall health is dramatically illustrated by individuals with immune system 

defects being highly susceptible to serious and often life-threatening infections. States of 

immune deficiency can be congenital (e.g., impaired T and/or B cell development) or 

acquired (e.g., HIV infection, iatrogenic (post-organ transplant) immune suppression, or 

surgery/trauma). The combination of quantitative and qualitative impairments to multiple 

compartments of the immune system that develop in the wake of a septic event lead to an 

acquired immune deficiency[98]. Sepsis, currently defined as life-threatening organ 

dysfunction resulting from the dysregulated host response to infection[2], is responsible 

for thousands of deaths annually[99]. As the host recovers from the initial septic event, 

the immune system becomes hyporesponsive, resulting in a long-lasting 

immunosuppressive state. Advances in critical care and life support medicine have 

greatly improved survival rates of patients in the initial hyperinflammatory phase of 

sepsis, such that the acute cytokine storm is responsible for only ~30% of the sepsis-

related mortality. Today the majority of sepsis-related deaths occur after the patient has 

recovered from the initial hyperinflammatory phase, with many patient deaths occurring 
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weeks and months later[100,101]. Reduced numbers of immune cells in septic patients 

contribute to the decreased responses to new and secondary infections[48,102]. While the 

characteristic sepsis-induced lymphopenia is transient, the prolonged immune 

suppression that develops after a septic event and remains even once lymphocyte 

numbers normalize is now considered a leading cause of prolonged susceptibility to 

secondary pathogens normally handled by the immune system in healthy individuals[9]. 

Studies in human septic patients show both CD4 T cells and B cells are reduced 

during the hyperinflammatory phase of sepsis[16], but there is limited data detailing the 

long-term impact of sepsis on these cells within the context of a CD4 T cell-dependent B 

cell response. We have taken advantage of using peptide:MHC I or II tetramers to track 

the number and function of endogenous Ag-specific CD8 or CD4 T cell 

populations[62,64,103] to investigate how specific subsets of the T cell compartment are 

quantitatively and qualitatively affected in the mouse model of cecal ligation and 

puncture (CLP)-induced polymicrobial sepsis[47]. Similar approaches can identify 

endogenous Ag-specific B cells, such as B cells specific for the commonly used 

fluorochrome phycoerythrin (PE)[104–106]. The objective of this study was to define the 

mechanism(s) responsible for the impairment of primary CD4 T cell-dependent B cell 

responses in the septic host using the CLP model followed by immunization with an Ag 

containing defined CD4 T cell and B cell epitopes. Our data suggest CLP-induced sepsis 

impacts humoral immunity by affecting the number and function of both Ag-specific B 

cells and CD4 Tfh cells. 
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II. Materials and Methods 

Mice 

8 week-old female C57BL/6 mice were purchased from the National Cancer Institute 

(Frederick, MD) and maintained in AALAC-approved animal facilities at the University 

of Minnesota and University of Iowa at the appropriate biosafety level. Experimental 

procedures were approved by the University of Minnesota and University of Iowa 

Institutional Animal Care and Use Committees and performed following the Office of 

Laboratory Animal Welfare guidelines and PHS Policy on Human Cancer and Use of 

Laboratory Animals. 

Cecal Ligation and Puncture (CLP) 

Sepsis was induced by CLP (24). Briefly, mice were anesthetized using isoflurane (2.5% 

gas via inhalation) or Ketamine/xylazine (87.5 and 12.5 mg/kg, respectively, i.p.). The 

abdomen was shaved and disinfected with 5% povidone-iodine antiseptic. Bupivicaine (6 

mg/kg s.c.) was then administered at the site where a midline incision was made. The 

distal third of the cecum was ligated with 4-0 silk suture and punctured once with a 25-g 

needle to extrude a small amount of cecal content. The cecum was returned to the 

abdomen, the peritoneum was closed via continuous suture, and the skin was sealed using 

surgical glue (Vetbond; 3M, St. Paul, MN). Meloxicam (2 mg/kg) in 1 ml saline was 

administered at the conclusion of surgery and the following 3 days for post-operative 

analgesia and fluid resuscitation. Mice were monitored daily for weight loss and pain for 

at least 5 days post-surgery. To control for non-specific changes from the surgery, sham 

mice underwent the same laparotomy procedure excluding ligation and puncture. 
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Immunizations 

On days 2 or 30 after sham or CLP surgery, B6 mice were immunized with the following 

reagents: (1) influenza A virus (A/PR/8; 105 PFU in 100 μl PBS i.p.; obtained from Dr. 

Ryan Langlois, University of Minnesota); (2) 2,4,6 trinitrophenyl-conjugated keyhole 

limpet hemocyanin [TNP-KLH; 50 μg i.p. (Biosearch Technologies, Novato, CA)] 

precipitated in alum (100 μg) or mixed with CpG containing oligonucleotide 1826 (10 

μg; TCCATGACGTTCCTGACGTT), followed 3 weeks later by a second immunization; 

or (3) 2W1S:PE conjugates [i.p. injection of 0.6 μg 2W1S peptide 

(EAWGALANWAVDSA; GenScript, Piscataway, NJ) conjugated to 2.4 μg PE 

(ProZyme; Hayward, CA) emulsified in Complete Freund's Adjuvant (CFA; Sigma-

Aldrich, St. Louis, MO)][107]. The 2W1S:PE conjugate was formed by combining 

biotinylated 2W1S peptide with streptavidin-PE at a 4:1 ratio. 

Enrichment and Analysis of Ag-Specific B Cells and CD4 T Cells and B Cells 

To quantify the number of PE-specific B cells and 2W1S-specific CD4 T cells in mice 

following sham or CLP surgery, an enrichment protocol was used[104–106,108]. Briefly, 

spleens and peripheral LN (axillary, brachial, cervical, inguinal, and mesenteric) were 

harvested for each mouse analyzed. Pooled LN [in 1 ml of FACS buffer (PBS containing 

0.1% NaN3 and 2% FBS)] were mashed on a nylon mesh into a single-cell suspension. 

The spleen from the same mouse was then added, along with 1 ml of RPMI-1640 

medium containing Collagenase P (0.2 mg/ml final), Dispase (0.8 mg/ml final), and 

DNase I (01 mg/ml final). A single-cell suspension from these pooled lymphoid tissues 

was then generated using a GentleMACS dissociator (Miltenyi Biotech). This suspension 
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was incubated in a 37°C water bath for 20 min, and then run on the GentleMACS a 

second time. Ten (10) ml of ice cold FACS buffer containing 5 mM EDTA was added to 

the dissociator tubes, which were inverted several times to wash the top of the tubes 

before decanting into new 50 ml conical tubes. The dissociator tubes were rinsed with an 

additional 5 ml of ice cold FACS buffer, which was then decanted into the corresponding 

50 ml conical tubes. The cells were pelleted by centrifugation, and then resuspended in 

400 μl FACS buffer containing 5 mM EDTA and anti-CD16/32 mAb (clone 93, 1:100 

dilution; BioLegend) to block Fc receptors. In some cases, the single-cell suspension was 

divided to permit separate enrichments for the B cells and CD4 T cells from the same 

sample. 

B Cell Enrichment 

Cells were incubated with PE (1 μg; Prozyme, Hayward, CA) for 30 min on ice. After 

washing with 10 ml cold FACS buffer with 5 mM EDTA, the cells were then incubated 

with 25 μl anti-PE-conjugated magnetic microbeads (Miltenyi Biotec) for 30 min on ice. 

The cells were washed, resuspended in 3 ml FACS buffer, and then passed over a 

magnetized LS column to enrich for the PE-specific cells. The column was washed twice 

with 3 ml of FACS buffer, and the bound cells were eluted from the column by pushing 5 

ml of buffer with a plunger. 

CD4 T Cell Enrichment 

I-Ab-specific tetramers containing 2W1S (EAWGALANWAVDSA) were used to 

identify and enrich Ag-specific CD4 T cells[108–110]. Briefly, biotinylated I-Ab 

molecules containing the 2W1S peptide covalently linked to the I-Ab β chain were 
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produced in Drosophila melanogaster S2 cell along with the I-Ab α chain[108]. The 

monomers were purified, and then made into tetramers with streptavidin-allophycocyanin 

(SA-APC; Prozyme). Tetramers (10 nM final concentration) were then added to single-

cell suspensions in 300 μl tetramer staining buffer (PBS containing 5% FBS, 2 mM 

EDTA, and 50 μM Dasatinib, 1:50 normal mouse serum, and 1:100 anti-CD16/32 mAb). 

The cells were incubated in the dark at room temperature for 1 h, followed by a wash in 

10 ml ice cold FACS Buffer. The tetramer-stained cells were then resuspended in 300 μl 

FACS Buffer, mixed with 25 μl of anti-APC mAb-conjugated magnetic microbeads 

(StemCell Technologies), and incubated in the dark on ice for 30 min. The cells were 

washed, resuspended in 3 ml cold FACS Buffer, and passed through an EasySep Magnet 

(StemCell Technologies) to yield an enriched tetramer positive population. 

The resulting enriched fractions were stained with a cocktail of fluorochrome-

labeled mAb (see below). Cell numbers for each sample were determined using 

AccuCheck Counting Beads (Invitrogen). Samples were then analyzed using an LSR II 

flow cytometer (BD) and FlowJo software (TreeStar Inc., Ashland, OR). The percentage 

of PE+ or 2W1S:I-Ab+ events was multiplied by the total number of cells in the enriched 

fraction to calculate the total number of PE-specific B cells or 2W1S:I-Ab-specific CD4 T 

cells, respectively. 

Flow Cytometry 

To assess the expression of cell surface proteins, cells were incubated with 

fluorochrome-conjugated mAb at 4°C for 30 min. The cells were then washed with 

FACS buffer. For some experiments, the cells were then fixed with PBS containing 2% 
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paraformaldeyhe. In procedures requiring intracellular staining, cells were permeabilized 

following surface staining using the transcription factor staining kit (eBioscience), 

stained for 1 h at 4°C with a second set of fluorochrome-conjugated mAb, and suspended 

in FACS buffer for acquisition. The fluorochrome-conjugated mAb used in surface and 

intracellular staining were as follows: B cell panel—FITC IgA, PerCP-eF710 IgM, 

AF594 IgG3, AF647 IgG2b, AF700 CD38, APC-eF780 “dump” (CD90.2, CD11c, F4-80, 

and GR1), BV510 IgE, BV605 IgG1, BV711 IgG2A, BV786 IgD, AF350 IgG (H+L), 

BUV395 B220; T cell surface panel –PE-Cy7 PD-1, AlexaFluor® (AF) 700 CD44, APC-

eFluor® (eF) 780 “dump” (CD11b, CD11c, and B220), Brilliant Violet™ (BV) 421 

CXCR5, BV650 CD8a, and Brilliant Ultraviolet™ (BUV) 395 CD4; and T cell ICS 

panel—AF488 Bcl6, BV605 Tbet, AF700 CD44, APC-eF780 “dump” (CD11b, CD11c, 

and B220), and BUV395 CD4. 

Assessment of Ab Production After TNP-KLH or Influenza a Virus Immunization 

Mice immunized with TNP-KLH were bled 7 days after the boost to collect serum 

to measure TNP-specific Ab levels. Mice challenged with influenza A virus were bled 

after 28 days to collect serum to measure anti-IAV Ab titers. Mice were anesthetized and 

blood was collected retro-orbitally. Blood samples were clotted and separated serum was 

stored at −80°C until use in enzyme-linked immunosorbent assay (ELISA) to determine 

the presence of Ag-specific Ab. 

TNP-specific Ab were determined as follows: 96-well ELISA plates (Immulon 2, 

Thermo, Milford, MA) were coated with goat anti-mouse IgM (10 μg/ml; Southern 

Biotech, Birmingham, AL), goat anti-mouse IgG1 (5 μg/ml; Southern Biotech), or goat 
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anti-mouse IgG2b (5 μg/ml; Southern Biotech) in 0.05 M Tris-HCl buffer (pH 9.5) 

overnight at 4°C. Coated plates were blocked with 5% w/v dry milk in phosphate 

buffered saline (PBS). Control anti-TNP mAb (for standard curves) or serum samples 

appropriately diluted in 5% dry milk-PBS were added, and similarly incubated. After 

washing, 2μg/ml TNP-human gamma globulin-biotin diluted in 5% dry milk-PBS was 

added to each well, and the plates further incubated. Alkaline phosphatase streptavidin (3 

μg/ml; Zymed, San Francisco, CA) diluted in 5% dry milk-PBS was added after washing. 

Substrate (2 mg/ml; Sigma Chemical Co., St. Louis, MO) diluted in substrate buffer [50 

mM Na2CO3 and 1 mM MgCl.2 6H2O in H2O (pH 9.8)] was added to each well, and 

absorbance measured at a dual wavelength of 405 and 540 nm using a Microplate 

Autoreader EL311 (Bio-Tek Instruments, Winooski, VT). All washes between steps were 

performed with a 0.9% NaCl, 0.05% Tween-20 buffer (pH 7.0) and all incubation steps 

were done at 37°C in 5% CO2. Ab concentrations were determined from standard curves 

using DeltaSOFT software (Bio-Tek Instruments). Control mAb used for standard curves 

were 49.2 (mouse IgG2b anti-TNP mAb; Pharmingen, San Diego, CA), 4G2F8 (mouse 

IgM anti-TNP mAb), and 1B7 (mouse IgG1 anti-TNP mAb. 4G2F8 and 1B7 were 

affinity purified by passage of hybridoma culture supernatants over TNP-bovine gamma 

globulin-Sepharose 6B followed by elution with TNP-glycine (Sigma Chemical Co.). 

Influenza-specific Ab were determined as follows: 96-well ELISA plates were 

coated with purified A/PR/8 Influenza A virus (50 μl/well of 2 mg/ml PBS virus) 

overnight at 4°C. Coated plates were blocked for 1 h at room temperature with 5% 

normal goat or donkey serum in PBS, followed by incubation with diluted serum samples 
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from IAV-challenged mice overnight at 4°C. After washing, plates were incubated with 

either an alkaline phosphatase-conjugated goat anti-mouse Ig (Southern Biotech) or 

donkey anti-mouse IgG (Jackson ImmunoResearch). Substrate was added and absorbance 

was measured as described above. 

Statistical Analyses 

Data shown are presented as mean values ± SEM. GraphPad Prism 7 was used for 

statistical analysis, where statistical significance was determined using two-tailed Student 

t-test (for 2 individual groups, if unequal variance Mann-Whitney U test was used) or 

group-wise, one-way ANOVA analyses followed by multiple-testing correction using the 

Holm-Sidak method, with α = 0.05. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. 

III. Results 

Sepsis Induces a Transient Reduction in B Cells and CD4 T Cells 

Patients surviving a septic event often have suppressed immune function, as data 

showing reduced immune cell function in critically ill sepsis patients date back over 40 

years[32]. While some data suggested a phenotypic switch in CD4 T cells from Th1 to 

Th2[111], other data indicated that the reduced cellular activity was more likely due to a 

global dysfunction[67]. This idea is reinforced by decreased expression of Tbet, GATA3, 

and RORγt, the transcription factors regulating Th1, Th2, and Th17 phenotypes, 

respectively, in CD4 T cells from septic patients[112]. More recently, post-mortem 

assessment of T cells from patients who died from severe sepsis showed almost no 

production of IFNγ, TNFα, IL-6, and IL-10 after anti-CD3/CD28 mAb stimulation 
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compared to samples from non-septic, control patients[66]—further supporting the idea 

that sepsis affects general T cell function. Indirect evidence of defective CD4 T cell 

function has come from other studies describing altered humoral responses after sepsis, 

specifically in terms of Ag-specific immunity (e.g., T cell-dependent Ab 

responses)[86,113]. With this clinical information in mind, we wanted to further 

investigate how sepsis affects the generation of a primary CD4 T cell-dependent B cell 

response using the CLP mouse model of polymicrobial sepsis. The severity of the CLP 

we performed was marked by a significant, but transient, loss of weight that was 

recovered by 7 days after surgery (Figure 2-1A), as well as the rapid production of IL-1β, 

IL-6, IFNγ, and TNF detectable in the serum during the first 24 h after surgery (Figure 2-

1B). Both of these parameters are consistent with previous reports[114–118]. In addition, 

we see a mortality rate of ~25% in the group of mice receiving CLP surgery (Figure 2-

1C), which is consistent with clinical rates[119]. 

We initially wanted to define the numerical changes that occur within the total B 

cell and CD4 T cell compartments—the cells that participate in CD4 T cell-dependent B 

cell responses—following a septic event. B cells and CD4 T cells present in the blood 

and secondary lymphoid organs were enumerated by flow cytometry early (day 2) and 

late (day 30) after sham or CLP surgery (Figure 2-2A). B cell numbers in the blood, 

spleen, and inguinal lymph nodes (iLN) were significantly reduced 2 days after sepsis 

induction, decreasing 11-fold, 2-fold, and 6-fold, respectively, before recovering to sham 

levels by day 30 (Figures 2-2B and 2-2C). Interestingly, there was no reduction in B cells 

isolated from mesenteric lymph nodes (mLN) on day 2 and there was a slight (but 
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insignificant) increase in number on day 30. Similar trends were observed with CD4 T 

cells—transient numerical reductions in the blood (5-fold), spleens (2-fold), and iLN (3-

fold) but no change in the mLN (Figures 2-2D and 2-2E). The mLN drain the gut mucosa 

and are located within the site of the initial polymicrobial septic insult, suggesting the 

proximity to the intraperitoneal inflammation may either prevent the sepsis-induced death 

of lymphocytes seen in the periphery and/or recruit cells from periphery through the 

production of inflammatory cues. However, migration of cells to mLN cannot fully 

account for the diminished cellularity observed in other tissues. We have previously 

shown dendritic cells follow the same pattern of numerical reduction, with losses in the 

blood, spleen, and iLN, and no change in the mLN[13], indicating cells of the lymphoid 

and myeloid lineages are similarly maintained numerically in the anatomical locations 

where the nidus of the septic event is found. Data examining the B cell and CD4 T cell 

compartments at the “total population” level suggest the immune system has returned to 

its pre-sepsis state by day 30 in terms of B cell and CD4 T cell numbers. 

Sepsis-Induced Effects on Ag-Specific B Cells and CD4 T Cells 

The results presented in Figure 2-2 suggest the re-establishment of a “normal” 

immune system within 30 days after CLP-induced sepsis. However, previous work from 

our group revealed distinct differences in the ability of individual Ag-specific CD4 T cell 

populations to numerically and functionally recover after sepsis[62]. We hypothesized 

that similar differences may occur for an individual Ag-specific B cell population within 

the total B cell compartment, prompting us to employ a system where we could directly 

monitor defined populations of Ag-specific B cells and CD4 T cells within the total B 
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cell and CD4 T cell compartments to more rigorously study the effect of sepsis on CD4 T 

cell-dependent B cell responses. Specifically, we used enrichment protocols to identify B 

cells specific for the fluorchrome phycoerythrin (PE)[104–106] and CD4 T cells specific 

for the 2W1S variant of peptide 52-68 from the I-E α-chain[108,120]. 

As a first step in this analysis, we determined how sepsis affected the number and 

phenotype of PE-specific B cells (Figure 2-3A). We were able to clearly detect and 

quantify the PE-specific B cells, as well as the B220hiIgG [H+L]intCD38+GL7− 

naïve/memory B cells, B220hiIgG [H+L]intCD38−GL7+ germinal center (GC) B cells, and 

B220loIgG [H+L]hiCD38−GL7− plasma cells within the PE-specific B cell population 

(Figure 2-3B). Similar to the transient loss and recovery within the total B cell 

compartment (Figures 2-2B and 2-2C), there was a significant reduction (5.2-fold less 

compared to sham mice) in number of PE-specific B cells 2 days after CLP surgery that 

recovered by day 30 (Figure 2-3C). The number of PE-specific naïve/memory B cells 

decreased ~4-fold 2 days after CLP surgery, but did not fully recover by day 30 to the 

number found in mice that underwent sham surgery (Figure 2-3D). Interestingly, while 

there were ~9- and 1.5-fold reductions in number of PE-specific GC B cells and plasma 

cells, respectively, 2 days after CLP surgery, this was followed by a ~3-fold increase in 

both of these subsets by day 30 after CLP surgery (Figures 2-3E and 2-3F). In addition to 

determining the number of these PE-specific B cell subsets, we also evaluated how the 

septic event affected the Ab isotypes they produced. As expected, there were numerical 

reductions in several populations 2 days after CLP surgery, including IgM+IgD− 

naïve/memory, IgG1+ and IgE+ GC B cells, and IgA+ plasma cells (Figures 2-3G, 2-3H, 
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and 2-3I). It is also important to note several populations were increased by day 30 after 

CLP, namely the IgG2b-producing PE-specific naïve/memory B cells, GC B cells, and 

plasma cells 30 days after CLP compared to sham mice (Figures 2-3G, 2-3H, and 2-3I). 

IgG1- and IgG2c-producing GC B cells also increased in number by day 30 after CLP 

surgery. These data show sepsis can induce a variety of small numerical changes within 

the B cell compartment when examined at the Ag-specific level. 

In contrast to the PE-specific B cells and consistent with our previous data[62], 

we did not observe the same numerical recovery of 2W1S:I-Ab-specific T cells after CLP 

surgery that was seen for the total CD4 T cell population. In fact, the number of 2W1S:I-

Ab-specific CD4 T cells was reduced ~3-fold at day 2 post-CLP, which was maintained at 

day 30 (Figure 2-4A, 2-4B, and 2-4C). Our analysis of the 2W1S:I-Ab-specific T cells 

also included an assessment of CD4 T cell lineage-specific master regulators Tbet (Th1) 

and Bcl6 (Tfh)[121,122]. A small number of the 2W1S:I-Ab-specific CD4 T cells 

expressed Tbet by day 30 after CLP surgery (Figure 2-4D), but we were unable to detect 

any 2W1S:I-Ab-specific CD4 T cells expressing Bcl6 or PD-1 and CXCR5, indicators of 

Tfh differentiation, after CLP. Thus, the data in Figures 2-3, 2-4 show how sepsis affects 

the number of PE-specific B cells and 2W1S:I-Ab-specific CD4 T cells. 

Prolonged Impairment in Primary CD4 T Cell-Dependent B Cell Responses Is 

Associated With Reduced Germinal Center T Follicular Helper (Tfh) Cell Differentiation 

We next determined how sepsis affected the ability of the PE-specific B cells and 

2W1S:I-Ab-specific CD4 T cells to respond after immunization with a CFA emulsion 

containing the MHC II-restricted 2W1S56−68 peptide coupled to PE[107] (Figure 2-5A). 
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The 2W1S-PE immunogen is internalized by the B cell receptor of PE-specific B cells, 

which then present 2W1S in MHC II complexes to 2W1S-specific CD4 T cells who 

provide the necessary help to generate a robust B cell response. This immunization 

method allowed us to simultaneously track the numerical and phenotypic changes among 

PE-specific B cells and 2W1S:I-Ab-specific CD4 T cells in the same mouse during a CD4 

T cell-dependent B cell response. 

Using the identical Ab panels and gating schemes that were used above (Figure 2-

5B) to identify PE-specific B cells in mice that had only experienced sham or CLP 

surgery, we found the immunization-induced expansion for each PE-specific B cell 

population was greatest in the sham-treated mice (Figures 2-5C, 2-5D, 2-5E, and 2-5F). 

While the number of total PE-specific B cells and each subset had recovered or expanded 

by day 30 after CLP surgery, the response of these populations to immunization with 

2W1S-PE/CFA was significantly reduced in mice subjected to CLP surgery compared to 

sham mice. We noted 4–6-fold fewer PE-specific naïve/memory, GC, and plasma cells in 

mice immunized 2 days after CLP surgery compared to sham mice, and this numerical 

reduction (~2-fold less) was maintained in the CLP mice immunized 30 days after 

surgery. Thus, the PE-specific B cell compartment showed long-lasting functional 

impairment in terms of cellular proliferative capacity, extending well-past the resolution 

of the septic event. Sepsis also affected the degree of class switching after immunization 

with 2W1S-PE/CFA for each subset of PE-specific B cells. In general, there were 

reductions in the number of multiple isotypes produced by the PE-specific B cell subsets 

(Figures 2-5G, 2-5H, and 2-5I). This was most evident in the PE-specific plasma cells, as 
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there were significantly fewer cells producing IgG1, IgG2c, IgG3, and IgA after 

immunization either on day 2 or 30 after CLP surgery (Figure 2-5I). 

The extent of Tfh cell differentiation by the 2W1S:I-Ab-specific CD4 T cells after 

2W1S-PE/CFA immunization (Figure 2-6A) was also impaired by sepsis. There were ~4-

fold fewer total 2W1S:I-Ab-specific CD4 T cells in the mice subjected to CLP surgery, 

regardless of when the immunization occurred (day 2 or 30 after surgery), compared to 

sham mice (Figures 2-6B and 2-6C). Moreover, there was a significant reduction in the 

frequency and number (~5-fold less than sham-treated mice) of 2W1S:I-Ab-specific CD4 

T cells that differentiated into GC Tfh cells, based on expression of Bcl-6 (Figure 2-6E) 

or CXCR5 and PD-1 (Figures 2-6F and 2-6G). The data in Figures 2-3, 2-4, 2-5, and 2-6 

reveal the profound quantitative and qualitative effects of sepsis on both Ag-specific B 

cells and CD4 T cells, especially after immunization with a model Ag designed to elicit a 

CD4 T cell-dependent B cell response, that were not apparent when evaluating the bulk B 

cell and CD4 T cell compartments. 

To bolster our findings above, we wanted to determine the impact of sepsis on Ab 

production during a primary CD4 T cell-dependent B cell response to a pathogen 

challenge commonly used to probe B cell and/or T cell response and a second model Ag 

classically used to evaluate the fitness of the humoral arm of adaptive immunity. B6 mice 

were challenged with live influenza A virus (IAV) on day 2 or 30 after sham or CLP 

surgery, and serum was collected 28 days later to measure the amount of anti-IAV Ab 

produced (Figure 2-7A). We noted marked reductions in the amount of total Ab and IgG 

specific for IAV in the serum of CLP-treated mice challenged on days 2 or 30 after CLP 
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surgery (Figures 2-7B and 2-7C). Similar results were seen after immunization with 

TNP-KLH, a common Ag used to test various aspect of humoral immunity (Figure 2-8). 

Interestingly, the sepsis-induced deficiency Ab production was most pronounced and 

sustained when the TNP-KLH was administered with the Th2-polarizing adjuvant 

alum[123,124] (Figure 2-8B). There remained a significant reduction in anti-TNP IgM, 

IgG1, and IgG2 even when the mice were first immunized 30 days after CLP surgery, 

and boosted 21 days later. By comparison, CLP-treated mice demonstrated a significant 

reduction in anti-TNP IgM and IgG2 when immunized with TNP-KLH mixed with Th1-

polarizing adjuvant CpG[125] only on day 2, but these reductions were not maintained 

when immunization occurred 30 days after surgery (Figure 2-8C). The differences in 

response depending on the adjuvant used are intriguing, but it is important to note that 

our primary goal of these experiments was not to directly compare “Th1” vs. “Th2” 

priming conditions. Rather, we reasoned the comparison between control (sham) to CLP 

mice after the same duration post-surgery was more critical. Sham surgery likely causes 

some low-level abdominal inflammation, as the abdomen/peritoneum is surgically 

opened and the cecum exposed and put back into the mouse (without any needle 

puncture) followed by closure. While the mice received surgery at the same time, the 

peritoneum is going to be much different 2 days after this surgical event compared with 

30 days where healing has taken place. Together, these results highlight the compromised 

ability to produce Ab during a primary B cell response following a septic event. 
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IV. Discussion 

Defects in humoral immunity are associated with increased susceptibility to 

infection[126]. Reduced immune function after septic injury is well-documented in the 

clinic, and a number of mechanisms have been posited to explain sepsis-induced immune 

suppression[95]. Clinical data show acute reduction in both CD4 T cells and B cells in 

sepsis patients[16], as well as IgM levels in the circulation[127]. The reduction of these 

components of the adaptive immune system contribute to the increased risk of 

nosocomial bacterial infections and viral reactivation, and poor chances for a favorable 

outcome[19,66]. While there is a reasonable understanding of the numerical changes in 

total B cells and CD4 T cells within several days after sepsis onset, there is a paucity of 

information describing the qualitative long-term impact of sepsis on these cells within the 

context of a primary CD4 T cell-dependent B cell response. The reduced Ab response 

following antigenic challenge in mice that experienced CLP-induced sepsis we have 

described here is consistent with the recent data by Mohr et al.[86]. Further, the data we 

have presented importantly extend our understanding of what happens to the cellular 

components of the adaptive immune system following a septic event that affect the 

generation of a primary CD4 T cell-dependent B cells response. Our results show that 

following sepsis, mice subjected to CLP surgery have long-term reductions in B cell 

differentiation and class switching after vaccination or infection, ultimately resulting in 

suboptimal Ab production. The data reported here also suggest the reduced Ab 

production in mice challenged with Ag early during the septic event or late after sepsis 
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resolution is due in part to insufficient help from Tfh cells, leading to inadequate B cell 

differentiation and class switching. 

Work reported in a number of publications have examined basic numerical and 

functional changes of various immune cell subsets after sepsis (almost) exclusively at the 

total population level. In the present study we have evaluated endogenous Ag-specific 

CD4 T cell and B cell populations within the context of a CD4 T cell-dependent B cell 

response following a septic event. Tracking Ag-specific T cells and B cells permits the 

most rigorous and sensitive functional analysis of these cells during the response to 

vaccination or infection by allowing us to identify changes at the Ag-specific level that 

may not be resolvable when examining the total populations[64]. Additionally, we were 

able to evaluate the sepsis-induced numerical and phenotypic changes in endogenous Ag-

specific CD4 T cells and B cells (2W1S:I-Ab- and PE-specific, respectively) responding 

to the same foreign Ag (2W1S peptide covalently coupled to PE in CFA)[107]. As 

expected, the 2W1S:I-Ab-specific CD4 T cells expand and differentiate into Tfh cells as 

well as other defined CD4 T cell subsets, such as Tbet+ “Th1” CD4 T cells (Figure 2-6D), 

in sham mice after 2W1S-PE/CFA vaccination. PE-specific B cells can then interact with 

the 2W1S:I-Ab-specific Tfh cells within the GC. There is robust expansion, 

differentiation, and class switching seen in the PE-specific B cells in this setting. Our data 

suggest all of these factors are affected by sepsis, even once the host has recovered from 

the acute hyperinflammatory response and transient lymphopenia characteristic of a 

septic event. 
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While there were a number of results that were expected, our analyses also 

revealed some unexpected findings. For example, the total number of PE-specific B cells 

was not different in the sham and day 30 CLP groups (see Figure 2-3C). There was just a 

redistribution among the different subsets. CLP-induced polymicrobial sepsis induces a 

highly inflammatory event within the peritoneum, making it possible that this 

inflammation can drive a small number of the PE-specific cells to differentiate into GC B 

cells and plasma cells. The small but significant numerical increase in PE-specific GC B 

cells and plasma cells 30 days after CLP, prior to 2W1S-PE/CFA immunization (Figures 

2-3E and 2-3F) was surprising, and was in contrast to the reduction seen in total 2W1S:I-

Ab-specific CD4 T cells (Figure 2-4C). While 2W1S:I-Ab-specific CD4 T cells recognize 

a defined peptide sequence presented by MHC II, PE is a 250 kD multi-subunit protein 

originally isolated from red algae with multiple epitopes available for Ab 

recognition[128,129]. Thus, while being PE-specific, the B cells we detect using the 

enrichment protocol are likely polyclonal in composition, and bind to different epitopes 

within the PE protein. One possible explanation for the increase in PE-specific GC B 

cells and plasma cells 30 days after CLP is that some of the PE-specific B cells cross-

react with antigenic epitopes expressed by the numerous gut commensal microbes 

released during the CLP surgery that establish the polymicrobial peritonitis. Such cross 

reactivity among B cells has been observed previously; for example, gut commensal 

bacteria can prime for the production of antibodies specific for HIV-1 envelope 

gp41[130]. Similarly, CD4 T cell cross-reactivity with gut commensal bacteria can drive 

responses to self Ag (glucose-6-phosphate isomerase) and foreign microbes that 

ultimately has an impact on host health[131–134]. Future studies are needed to 
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investigate this interesting possibility of cross-reactivity. Despite the increases seen in the 

PE-specific B cell populations after CLP, sepsis dramatically reduced the ability of these 

cells to respond to their cognate Ag following 2W1S-PE/CFA immunization. 2W1S:I-Ab-

specific CD4 T cells have reduced proliferative capacity and cytokine production after 

sepsis, as well has developing changes within the TCR Vβ repertoire[62]. In addition, 

numerical and functional deficits occur among dendritic cells following sepsis[13], 

suggesting the potential contribution for both T cell-intrinsic and -extrinsic factors to 

reduced function. 

Another interesting finding was the skewing of the Ab response in the mice 

subjected to CLP surgery to IgG2b after immunization (and even prior to immunization). 

The presence of TGF-β, which has been reported to be elevated after sepsis[135], 

promotes switching to IgG2b and IgA[136]. While class switching to IgG2b was elevated 

across the board, IgA was slightly elevated only in GC B cells and plasma B cells in 

unimmunized mice. There is clear redundancy in regard to the ability of certain cytokines 

to drive IgG2 (as well as other) isotype switching in murine B cells. IFNγ and type I IFN 

can promote switching to IgG2, as exemplified by the presence of normal levels of 

induced IgG2b in mice unable to express the type II TGF-β receptor on their B cells[137]. 

Interestingly, it has also been reported that the absence of T cell help and presence of 

LPS favors switching to IgG2b[136]. Thus, given these redundancies and variety of 

cytokines produced during a septic event, we hesitate to suggest TGF-β (or any other 

single cytokine) is solely responsible for the IgG2b skewing after CLP. 
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While it is difficult to know how long the effects of a septic event will have on the 

function of the immune system, sepsis survivors have decreased 5-year survival 

compared to “control” patients[101,138,139]. Perturbations, such as sepsis, that result in 

long-term impairments to the immune system have the potential to severely diminish 

vaccination efficacy. Typically, adults are recommended to receive a number of 

vaccinations to seasonal (e.g., influenza) and non-seasonal (e.g., pneumococcus and 

varicella zoster virus) pathogens to develop and maintain adequate protection from 

infection[140]. These vaccinations work best when the host immune system is optimally 

functional. However, in a patient with a history of sepsis, these vaccinations may provide 

little-to-no protection, leaving these patients with an increased risk of secondary 

infection. 
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V. Figures 

 
Figure 2-1. Morbidity, cytokine production, and mortality following CLP surgery. 
B6 mice underwent sham or CLP surgery. (A) Body weight was measured before and the 
7 days after surgery. Weight loss for each was determined based on their starting weight. 
(B) Serum samples were collected at the indicated time points after sham or CLP surgery. 
The amount of IL-1β, IL-6, IFNγ, and TNF in samples was determined by bioplex. n = 11 
sham and 38 CLP mice for (A,C); n = 5 mice/time point/group in (B) *p < 0.05; **p < 
0.01, ****p < 0.001 for SPF—CLP vs. cohoused—CLP at the indicated time points. 
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Figure 2-2. CLP induces transient reductions in the number of B cells and CD4 T 
cells. (A) Experimental design—blood and secondary lymphoid organs (SLO) including 
spleens, inguinal lymph nodes (iLN), and mesenteric lymph nodes (mLN) were harvested 
2 and 30 days after sham or CLP surgery. The number of (B,C) CD19+ B220+ B cells or 
(D,E) CD3+ CD4+ T cells in blood (per ml), spleen, iLN, and mLN was determined by 
flow cytometry. n = 5–7 mice/group. **p < 0.01, ****p < 0.001. Numbers above bars 
indicate the average fold change in number compared to sham mice. Data are 
representative of at least 3 independent experiments. 
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Figure 2-3. Numerical changes in PE-specific B cells after sepsis. (A) Experimental 
design—Spleens and peripheral lymph nodes (axillary, brachial, cervical, inguinal, and 
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mesenteric) were harvested from mice on day 2 and 30 post-sham or CLP surgery and 
combined. (B) Gating scheme used to identify PE-specific B cells, as well as the 
B220hiIgG [H+L]lo CD38+GL7− naïve/memory B cells, B220hiIgG [H+L]lo CD38−GL7+ 
germinal center (GC) B cells, and B220loIgG [H+L]hiCD38−GL7− plasma cells. This 
representative scheme also shows the gating used to determine the extent of class 
switching within the plasma cell population, but similar gating was used on the 
naïve/memory and GC B cell populations. Representative flow plots are from a mouse 
that underwent sham surgery. The number of (C) total PE-specific B cells and PE-
specific (D) naïve/memory B cells, defined as B220hi IgG [H+L]lo CD38+GL7−, (E) 
germinal center (GC) B cells, defined as B220hi IgG [H+L]lo CD38− GL7+, and (F) 
plasma cells, defined as B220lo IgG [H+L]hi CD38− GL7−, were determined. Numbers 
above bars indicate the average fold change in number compared to sham mice. (G–I) 
The naïve/memory B cell, GC B cell, and plasma cell subsets from the unimmunized 
mice were additionally subdivided based on the Ab isotype being produced. n = 5–7 
mice/group. Statistical comparisons were made between sham mice and either CLP d2 or 
d30 mice, where *p < 0.05, **p < 0.01, ****p < 0.001. Data are representative of at least 
3 independent experiments. 
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Figure 2-4. Numerical changes in 2W1S-specific CD4 T cells after sepsis. (A) 
Experimental design—Spleens and peripheral lymph nodes (axillary, brachial, cervical, 
inguinal, and mesenteric) were harvested from mice on day 2 and 30 post-sham or CLP 
surgery and combined. (B) Gating scheme used to identify 2W1S:I-Ab-specific CD4 T 
cells (CD8 T cells were used as the internal negative control for tetramer binding), as 
well as the 2W1S:I-Ab-specific CD4 T cells expressing Tbet, Bcl-6, or PD-1 and CXCR5. 
The frequency of cells within the gated populations is indicated. The number of (C) total 
and (D) Tbet+ 2W1S:I-Ab-specific CD4 T cells was determined. n = 9–10 mice/group in 
(B,C). Statistical comparisons were made between sham mice and either CLP d2 or d30 
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mice, where ***p < 0.005. Numbers above bars indicate the average fold change in 
number compared to sham-treated mice. 
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Figure 2-5. Sepsis hinders B cell differentiation and class-switching during a CD4 T 
cell-dependent B cell response. (A) Experimental design—mice underwent sham or 
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CLP surgery and were then immunized on day 2 or 30 after surgery with 2W1S-PE/CFA 
i.p. Spleens and peripheral lymph nodes were harvested 7 days after immunization and 
combined. (B) Gating scheme used to identify PE-specific B cells, as well as the 
B220hiIgG [H+L]lo CD38+GL7− naïve/memory B cells, B220hiIgG [H+L]lo CD38−GL7+ 
germinal center (GC) B cells, and B220loIgG [H+L]hiCD38−GL7− plasma cells. This 
representative scheme also shows the gating used to determine the extent of class 
switching within the plasma cell population, but similar gating was used on the 
naïve/memory and GC B cell populations. Representative flow plots are from a mouse 
immunized 2 days after sham surgery. The number of (C) total PE-specific B cells and 
PE-specific (D) naïve/memory B cells, (E) GC B cells, and (F) plasma cells were 
determined. Numbers above bars indicate the average fold change in number compared to 
sham-treated mice. (G–I) The naïve/memory B cell, GC B cell, and plasma cell subsets 
from the immunized mice were additionally subdivided based on the Ab isotype being 
produced. n = 5–7 mice/group. Statistical comparisons were made between sham mice 
and either CLP d2 or d30 mice, where *p < 0.05, **p < 0.01, and ***p < 0.005. Data are 
representative of at least 3 independent experiments. 
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Figure 2-6. Sepsis restricts the ability of 2W1S:I-Ab-specific CD4 T cells to 
differentiate into Tfh during a CD4 T cell-dependent B cell response. (A) 
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Experimental design—mice underwent sham or CLP surgery and were then immunized 
on day 2 or 30 after surgery with 2W1S-PE/CFA i.p. Spleens and peripheral lymph nodes 
were harvested 7 days after immunization and combined. (B) Gating scheme used to 
identify 2W1S:I-Ab-specific CD4 T cells (CD8 T cells were used as the internal negative 
control for tetramer binding), as well as the 2W1S:I-Ab-specific CD4 T cells expressing 
Tbet, Bcl-6, or PD-1 and CXCR5. The frequency of cells within the gated populations is 
indicated. The number of (C) total, (D) Tbet+, (E) Bcl-6+ 2W1S:I-Ab-specific CD4 T 
cells, as well as (F) frequency, and (G) number of 2W1S:I-Ab-specific CD4 T cells 
expressing CXCR5 and PD-1, was determined. n = 5–7 mice/group. Statistical 
comparisons were made between sham-treated mice and either CLP d2- or d30-treated 
mice, where *p < 0.05, **p < 0.01, and ***p < 0.005. Data are representative of at least 3 
independent experiments. 
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Figure 2-7. Septic mice 
have reduced primary Ab 
response following 
influenza A virus (IAV) 
challenge. (A) Experimental 
design—B6 mice were 
challenged with live IAV 
(A/PR/8; 105 PFU in 100 μl 
PBS i.p.) 2 or 30 days after 
sham or CLP surgery. Serum 
was collected 28 days after 
immunization. (B) 
Absorbance of total anti-
IAV Ab (left) and IgG 
specific for IAV (right) from 
the indicated dilutions of 
serum from mice challenged 
2 days after surgery. (C) 
Absorbance of total anti-
IAV Ab (left) and IgG 
specific for IAV (right) from 
the indicated dilutions of 
serum from mice challenged 
30 days after surgery. n = 4–
6 mice/group. Data are 
representative of at least 2 
independent experimental 
replicates. 
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Figure 2-8. Generation of anti-TNP mAb is reduced in septic mice. (A) Experimental 
design—B6 mice were immunized i.p. with 50 μg TNP-KLH in alum or CpG 2 or 30 
days after sham or CLP surgery. A second immunization was administered 21 days later. 
Blood was collected for serum 7 days after the second immunization. Serum 
concentrations (quantified via ELISA) of anti-TNP Ab from (B) TNP-KLH/alum- and 
(C) TNP-KLH/CpG-immunized mice 2 and 30 days after sham and CLP surgeries. n = 4–
6 mice/group. *p < 0.05, **p < 0.01, ****p < 0.001. Data are representative of at least 2 
independent experiments. 
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Chapter 3 

Polymicrobial Sepsis  

Impairs Antigen-Specific  

Memory CD4 T Cell-Mediated Immunity2 

 

 
2 This Chapter has been previously published. Frontiers in Immunology, Volume 11. Sjaastad FV, Kucaba 
TA, Dileepan T, Swanson W, Dail C, Cabrera-Perez J, Murphy KA, Badovinac VP and Griffith TS. 
Polymicrobial Sepsis Impairs Antigen-Specific Memory CD4 T Cell-Mediated Immunity, pp.1786 © 2020 
Sjaastad, Kucaba, Dileepan, Swanson, Dail, Cabrera-Perez, Murphy, Badovinac and Griffith. 
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Patients who survive sepsis display prolonged immune dysfunction and 

heightened risk of secondary infection. CD4 T cells support a variety of cells required for 

protective immunity, and perturbations to the CD4 T cell compartment can decrease 

overall immune system fitness. Using the cecal ligation and puncture (CLP) mouse model 

of sepsis, we investigated the impact of sepsis on endogenous Ag-specific memory CD4 

T cells generated in C57BL/6 (B6) mice infected with attenuated Listeria monocytogenes 

(Lm) expressing the I-Ab-restricted 2W1S epitope (Lm-2W). The number of 2W1S-

specific memory CD4 T cells was significantly reduced on day 2 after sepsis induction, 

but recovered by day 14. In contrast to the transient numerical change, the 2W1S-specific 

memory CD4 T cells displayed prolonged functional impairment after sepsis, evidenced 

by a reduced recall response (proliferation and effector cytokine production) after 

restimulation with cognate Ag. To define the extent to which the observed functional 

impairments in the memory CD4 T cells impacts protection to secondary infection, B6 

mice were infected with attenuated Salmonella enterica-2W (Se-2W) 30 days before 

sham or CLP surgery, and then challenged with virulent Se-2W after surgery. Pathogen 

burden was significantly higher in the CLP-treated mice compared to shams. Similar 

reductions in functional capacity and protection were noted for the endogenous OVA323-

specific memory CD4 T cell population in sepsis survivors upon Lm-OVA challenge. 

Our data collectively show CLP-induced sepsis alters the number and function of Ag-

specific memory CD4 T cells, which contributes (in part) to the characteristic long-

lasting immunoparalysis seen after sepsis. 
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I. Introduction 

The importance of a functional immune system for overall health is dramatically 

illustrated by individuals with immune system defects being highly susceptible to serious 

and often life-threatening infections. States of immune deficiency can be congenital (e.g., 

impaired T and/or B cell development) or acquired (e.g., HIV infection, iatrogenic (post-

organ transplant) immune suppression, or surgery/trauma). Studies interrogating the 

events leading to acquired immunodeficiency are done with the goal of designing 

treatment modalities to restore immune system function and reduce the susceptibility to 

infection. 

Sepsis causes millions of deaths annually worldwide[2]. Defined as a systemic 

inflammatory response syndrome during a disseminated infection[141,142], early stages 

of sepsis are marked by a potentially fatal hyperinflammatory state driven by 

proinflammatory cytokines[25,48,102]. Concurrent with this hyperinflammation is 

system-wide transient loss of multiple immune cell types that decreases the ability of the 

septic host to respond to the primary infection or secondary nosocomial infection. 

Advancements in critical care medicine have improved survival rates of patients 

following the initial sepsis-inducing injury[143–146], where acute death from sepsis is no 

longer the major cause of mortality for these patients. Currently, ~70% of sepsis-related 

deaths occur after the first 3 days of the disorder as the result of a secondary infection, 

with many patient deaths occurring weeks and months later[9]. Interestingly, the sepsis-

induced lymphopenia is transient, and the once hyperinflammatory immune response 

transitions to a prolonged immunosuppressive state even though the cellular composition 
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of the immune system numerically returns to normal. In fact, the prolonged immune 

suppression that develops after a septic event is now considered a leading reason for the 

extended period of increased susceptibility to pathogens normally handled by the immune 

system in healthy individuals[9,12]. 

CD4 T cells are among the immune cells significantly depleted during the acute 

stage of sepsis[16], but gradually recover during the immunosuppressive phase[147]. 

CD4 T cells support the function of a variety of immune cells needed to mount a 

productive and protective immune response[51], and perturbations in the CD4 T cell 

compartment can dramatically affect overall immune system fitness. The ability to 

develop and sustain memory cells after infection or immunization is a hallmark of 

adaptive immunity and basis for protective vaccination against infectious 

disease[148,149]. Memory CD4 T cells possess several important features that 

distinguish them from naïve CD4 T cells. First, there are increased numbers of memory 

CD4 T cells compared to precursors, providing better coverage and a more rapid cellular 

response during re-challenge. Memory CD4 T cells have experienced cell-intrinsic 

“programming” changes that allow for rapid expression of effector cytokines, 

chemokines, and cytotoxic molecules. Additionally, memory CD4 T cells establish 

residence in both lymphoid and non-lymphoid tissues[150,151]. Finally, the number of 

memory CD4 T cells present at the end of the contraction phase of a primary response is 

maintained for the life of the host[152]. Maintenance of memory CD4 T cell responses 

over time is a dynamic process, depending on subsequent encounters with either cognate 

or non-related Ag/infections that have the potential to change their phenotype and 
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function[51]. Similar to the primary response, the magnitude of a memory CD4 T cell 

response directly correlates with the quantity and quality of memory CD4 T cells present 

at the time of re-challenge. Thus, changes in composition and function of naive and 

memory CD4 T cells can result in impaired immunity and increased susceptibility to 

subsequent infections[65,153]. The present study took advantage of our ability to track 

the number and function of endogenous Ag-specific memory CD4 T cells in the wake of 

a septic event (using the cecal ligation and puncture (CLP) model of polymicrobial 

sepsis). Our data demonstrate sepsis leads to dramatic and transient decline in pre-

existing memory CD4 T cell numbers, with sustained functional impairments, which 

contribute to the overall increased susceptibility to secondary infections in sepsis 

survivors. 

II. Materials and Methods 

Mice 

Female C57BL/6 mice (8-weeks old) were purchased from the National Cancer 

Institute (Frederick, MD). Female pet store mice were purchased from local pet stores in 

the Minneapolis-St. Paul, MN metropolitan area. All mice were housed in AALAC-

approved animal facilities at the University of Minnesota at the appropriate biosafety 

level (BSL-1/BSL-2 for SPF B6 mice, and BSL-3 for cohoused B6 and pet store mice). 

SPF B6 and pet store mice were cohoused at a ratio of 8:1 in large rat cages for 60 days 

to facilitate microbe transfer[50,154]. In all experiments, including those using cohoused 

mice, mice were age-matched. Experimental procedures were approved by the University 

of Minnesota Institutional Animal Care and Use Committees and performed following 
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the Office of Laboratory Animal Welfare guidelines and PHS Policy on Human Cancer 

and Use of Laboratory Animals. 

Cecal ligation and puncture (CLP) 

Sepsis was induced by CLP[47]. Briefly, mice were anesthetized using isoflurane (2.5% 

gas via inhalation). The abdomen was shaved and disinfected with 5% povidone-iodine 

antiseptic. Bupivicaine (6 mg/kg s.c.) was then administered at the site where a midline 

incision was made. The distal third (~1 cm) of the cecum was ligated with 4-0 silk suture 

and punctured once with a 25-g needle to extrude a small amount of cecal content. After 

returning the cecum to the abdomen, the peritoneum was closed via continuous suture 

and the skin was sealed using surgical glue (Vetbond; 3M, St. Paul, MN). Postoperative 

analgesia and fluid resuscitation occurred at the conclusion of surgery and the following 

3 days in the form of meloxicam (2 mg/kg) in 1 ml saline. Mice were monitored daily for 

weight loss and pain for at least 5 days post-surgery. To control for nonspecific changes 

from the surgery, sham mice underwent the same laparotomy procedure excluding 

ligation and puncture. 

Experimental pathogens and infections 

C57BL/6 mice were immunized with attenuated Listeria monocytogenes-2W1S 

(Lm-2W1S) or Lm-OVA (107 CFU i.v.) or attenuated Salmonella enterica serovar 

Typhimurium strain BRD509-2W1S (Se-2W1S; AroA-; 106 CFU i.v.) 30 days before 

sham or CLP surgery to generate memory CD4 T cells. In some experiments, mice 

received a second infection with attenuated Lm-2W1S (107 CFU i.v.), virulent Lm-OVA 

(104 CFU i.v.) or virulent Se-2W1S (103 CFU i.v.). In experiments where mice received a 
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secondary virulent Lm-OVA bacterial challenge, mice were depleted of CD8 T cells by 

injecting 100 µg anti-CD8 mAb (clone 2.43) i.v. 3, 2, and 1 days prior to secondary 

infection. In experiments where mice received a secondary virulent Se-2W1S bacterial 

infection, some of the mice were depleted of CD4 T cells by injecting 800 µg of anti-

CD4 mAb (clone GK1.5) i.v. 7 days before and 400 µg i.v. 4 and 3 days before 

challenge. To measure the clearance of the secondary infection of virulent Lm-OVA or 

virulent Se-2W1S, livers and spleens were removed 3 or 7 days post-infection, 

respectively, placed in 0.2% IGEPAL solution (Sigma-Aldrich), and homogenized. Serial 

dilutions of the homogenate were plated on tryptic soy broth agar containing 50 µg/ml 

streptomycin (for Lm-OVA) or 100 µg/ml streptomycin (for Se-2W1S), which restricted 

bacterial growth to the streptomycin-resistant Lm-OVA or Se-2W1S used for secondary 

infection. Bacterial colonies were counted after 24 hours incubation at 37°C[29,64,155]. 

Enrichment and analysis of Ag-specific CD4 T cells  

I-Ab-specific tetramers containing 2W1S (EAWGALANWAVDSA) or OVA323-339 

(ISQAVHAAHAEINEAGR) were used to identify Ag-specific CD4 T 

cells[108,109,156]. Briefly, I-Ab β-chains containing the 2W1S or OVA323-339 epitopes 

covalently linked to the I-Ab β-chain were produced in Drosophila melanogaster S2 cells. 

2W1S:I-Ab or OVA323-339 :I-Ab monomers were then biotinylated and made into 

tetramers with streptavidin-phycoerythrin (SA-PE; Prozyme). To enrich for Ag-specific 

CD4 T cells, tetramers (10 nM final concentration) were then added to single cell 

suspensions in 300 µl tetramer staining buffer (PBS containing 5% FBS, 2mM EDTA, 

1:50 normal mouse serum, and 1:100 anti-CD16/32 mAb). The cells were incubated in 



58 
 

the dark at room temperature for 1 hour, followed by a wash in 10 ml ice cold FACS 

Buffer. The tetramer-stained cells were then resuspended in 300 µl FACS Buffer, mixed 

with 25 µl of anti-PE mAb-conjugated magnetic microbeads (StemCell Technologies), 

and incubated in the dark on ice for 30 minutes. The cells were washed, resuspended in 3 

ml cold FACS Buffer, and passed through an EasySep Magnet (StemCell Technologies) 

to yield the enriched tetramer positive population. The resulting enriched fractions were 

stained with a cocktail of fluorochrome-labeled mAb (see below). Cell numbers for each 

sample were determined using AccuCheck Counting Beads (Invitrogen). Samples were 

then analyzed using a Fortessa flow cytometer (BD) and FlowJo software (TreeStar Inc., 

Ashland, OR). The percentage of 2W1S:I-Ab+ or OVA323-339:I-Ab+ events was multiplied 

by the total number of cells in the enriched fraction to calculate the total number of 

2W1S:I-Ab- or OVA323-339:I-Ab-specific CD4 T cells. 

In vivo peptide stimulation was used to determine Ag-specific CD4 T cell cytokine 

production, as previously described[62,110,156,157]. Briefly, infected mice were injected 

i.v. with 100 µg of the 2W1S or OVA323-339 peptides (synthesized by Bio-Synthesis, 

Louisville, TX). After 4 h, spleens were harvested in media containing 10 µg/ml 

brefeldin A. The resulting cell suspensions were fixed, permeabilized, and stained with 

anti-IFNγ, -TNF, and -IL-2 mAb.   

Flow cytometry 

To assess the expression of cell surface proteins, cells were incubated with 

fluorochrome-conjugated mAb at 4°C for 30 minutes. The cells were then washed with 

FACS buffer. For some experiments, the cells were then fixed with PBS containing 2% 

paraformaldehyde. In procedures requiring intracellular staining, cells were 
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permeabilized following surface staining using the transcription factor staining kit 

(Tonbo), stained for 1 hour at 20°C with a second set of fluorochrome-conjugated mAb, 

and suspended in FACS buffer for acquisition. The fluorochrome-conjugated mAb used 

in both surface and intracellular staining were as follows: Dump gate: APC-Cy7 CD11b 

(clone M1/70; Tonbo), APC-Cy7 CD11c (clone N418; Tonbo), APC-Cy7 B220 (clone 

RA3-6B2; Tonbo), APC-Cy7 F4/80 (clone BM8.1; Tonbo), Ghost Red 780 viability dye 

(Tonbo). Surface staining: BV650 CXCR5 (clone L138D7; BioLegend), Brilliant Violet 

510 CD44 (clone IM7; BioLegend), redFluo 710 CD44 (clone IM7; Tonbo), Brilliant 

Violet 711 CD8 (clone 53-6.7; BioLegend), Brilliant Ultra Violet 395 Thy1.2 (clone 53-

2.1; BD Biosciences) – used as an alternative to CD3 for gating T cells, Brilliant Ultra 

Violet 496 CD4 (clone GK1.5; BD Biosciences), Alexa Fluor 647 CD49d (clone R1-2; 

BD Biosciences), FITC CD11a (clone M17/4; eBioscience), PE-Cy7 CD11a (clone 

M17/4; eBioscience). Intracellular staining: Alexa Fluor 488 Foxp3 (clone FJK-15S; 

Invitrogen), PE-Cy7 Tbet (clone 4B10; BioLegend), PE Bcl6 (clone K112-91; BD 

Biosciences), BV650 IFN-γ (clone XMG1.2; BD Biosciences), APC IFN-γ (clone 

XMG1.2; eBioscience), PE-Cy7 IL-2 (clone JES6-5H4; BioLegend), APC TNF-α (clone 

MP6-XT22; BioLegend), PE TNF-α (clone MP6-XT22; BioLegend), PE-Cy7 IL-2 (clone 

JES6-5H4; BioLegend). Gating and fluorescence thresholds were determined using 

fluorescence minus one (FMO) controls. 

Statistical analyses 

Data shown are presented as mean values + SEM. GraphPad Prism 8 was used for 

statistical analysis, where statistical significance was determined using two-tailed Student 
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t-test (for 2 individual groups, if unequal variance Mann-Whitney U test was used) or 

group-wise, one-way ANOVA analyses followed by multiple-testing correction using the 

Holm-Sidak method, with α = 0.05. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 

0.001. 

III. Results 

The number of pre-existing memory CD4 T cells fluctuate after sepsis 

Septic patients have reduced delayed-type hypersensitivity (DTH) responses, marked by 

a failure to respond to skin testing with Ag to which previous exposure is known to have 

occurred[32,158,159]. DTH responses are driven in large part by memory CD4 T cells – 

even though other immune cells such as CD8 T cells and antigen presenting cells (APCs) 

participate in the response – and DTH can be used as an assessment of overall immune 

system fitness[160]. To more directly and rigorously interrogate the long-term 

consequences of sepsis on memory CD4 T cells, we used a protocol where an 

endogenous, Ag-specific memory CD4 T cell population was generated by infection with 

attenuated Listeria monocytogenes engineered to express the I-Ab-restricted peptide 

2W1S (Lm-2W1S) 30 days before performing sham/CLP surgery (Figure 3-1A). We also 

employed a peptide:MHC II (I-Ab) tetramer-based approach to identify the endogenous 

2W1S-specific CD4 T cells before and after sham/CLP surgery. Initially, spleens were 

harvested from naïve mice and mice at 7, 14, and 28 days post-infection to document the 

expansion, contraction, and establishment of memory 2W1S-specific CD4 T cells (Figure 

3-1B). The majority of memory 2W1S-specific CD4 T cells adopted a Th1 (Tbet+) 
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phenotype (Figure 3-1C), but some cells upregulated Foxp3 suggesting their 

differentiation into regulatory T cells (Figure 3-1D). 

Sham or CLP surgery was performed on the remaining mice 30 days post-infection, and 

the number of total and 2W1S-specific CD4 T cells in the spleen were determined 2, 7, 

14, and 28 days post-surgery by flow cytometry (Figure 3-2A). Our version of the CLP 

model results in ~20% mortality within the first 4 days after surgery (Figure 3-2B). 

Despite this low overall mortality, the mice that underwent CLP show dramatic 

reductions in number of total CD4 T cells and 2W1S-specific memory CD4 T cells at 2 

days post-surgery that gradually recovered by day 30 (Figures 3-2C and 3-2D), which is 

consistent with our previous data[31,103,117,161]. Interestingly, the numerical recovery 

of the Foxp3+ 2W1S-specific memory CD4 T cells occurred by day 7 post-CLP, while it 

took longer for the number of Tbet+ 2W1S-specific memory CD4 T cells to return to 

sham levels (Figures 3-2E and 3-2F). Collectively, these data show pre-existing memory 

CD4 T cells experience a transient reduction in number during CLP-induced sepsis. 

Loss and recovery of Ag-experienced memory CD4 T cells in septic ‘dirty’ mice 

Most preclinical sepsis research done to date has used specific pathogen-free 

(SPF) mice, which possess an immune system equivalent to that of neonatal humans[50]. 

The vaccinations and infections experienced over a lifetime shape the immune system so 

rapid and protective functional responses can occur during new microbial encounters. 

Recently, we investigated the effect of sepsis on standard SPF B6 mice cohoused for 60 

days with microbially-experienced ‘dirty’ pet store mice[154]. Cohousing laboratory SPF 

mice with pet store mice permits physiological pathogen transfer and matures the murine 

immune system to more closely resemble that seen in adult humans[50]. To determine the 
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effect of sepsis on multiple memory CD4 T cell populations generated following 

environmental pathogen/commensal exposure, we performed sham or CLP surgery on 

cohoused B6 mice age-matched to their SPF counterparts (Figure 3-3A). Cohousing 

increases the frequency of circulating memory CD44hi CD4 T cells (compared to age-

matched SPF mice; Figure 3-3B), and the number of total CD4 T cells and CD44hi 

memory CD4 T cells dramatically decline 2 days after CLP surgery (Figures 3-3C and 3-

3D). We extended this analysis of the memory CD4 T cell compartment using a second, 

more-stringent phenotyping to identify true “Ag-experienced” memory CD4 T cells 

based on the upregulation of CD11a and CD49d[162]. The cohoused mice showed a 

significant reduction in number of Ag-experienced (CD11+CD4d+) and naïve (CD11a-

CD49d-) CD4 T cells in the spleen 2 days after CLP that returned to sham levels by day 

30 (Figures 3-3B, 3-3C, 3-3D, and 3-3E), indicating entire CD4 T cell compartment is 

susceptible to sepsis-induced numerical reduction. Thus, the data in Figures 3-2 and 3-3 

collectively show memory CD4 cells initially elicited by infection undergo a significant, 

but transient, numerical reduction in secondary lymphoid organs following CLP-induced 

sepsis. 

Recall response to cognate Ag by pre-existing memory CD4 T cells is reduced after 

sepsis 

Data in Figure 3-2 show 2W1S-specific memory CD4 T cells numerically recover 

by day 30 post sepsis. This result would suggest this population of Ag-specific memory 

CD4 T cells has returned to normal. However, the ability of pre-existing memory CD4 T 

cells to proliferate, accumulate, and exert effector functions after a second encounter with 
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cognate Ag in the post-septic host has not been rigorously defined. Thus, we first 

examined the ability of this population of Ag-specific CD4 T cells to proliferate in 

response to cognate Ag recognition during secondary pathogen encounter. To do this, B6 

mice were immunized with attenuated Lm-2W1S 30 days before sham or CLP surgery. 

The mice were then infected a second time with attenuated Lm-2W1S on day 2 or 30 

after surgery. Total numbers of 2W1S-specific CD4 T cells in the spleen were determined 

before and after the second Lm-2W1S infection (Figure 3-4A). When infected on day 2 

post-surgery, the 2W1S-specific CD4 T cells had significantly reduced proliferative 

capacity compared to sham-treated mice (Figure 3-4B). Specifically, the number of 

2W1S-specific CD4 T cells in the sham-treated mice expanded 44-fold during the 7 days 

after secondary infection, but only 6-fold in the CLP-treated mice. However, when 

challenged on day 30 post-surgery, the proliferative capacity of the 2W1S-specific 

memory CD4 T cells in CLP-treated mice had nearly recovered to what was found in 

sham mice (Figure 3-4C). These data indicate the ability of Ag-specific memory CD4 T 

cells to proliferate during a recall response to cognate Ag (such as during a secondary 

infection) is only transiently reduced following sepsis. 

 To examine the effector function of the 2W1S-specific memory CD4 T cells at 2 

and 30 days post-surgery, we used in vivo peptide restimulation where the Lm-2W1S-

immune mice were injected i.v. with 2W1S peptide[62,64,110,156,157]. This technique 

permits the evaluation of cytokine production by Ag-specific (tetramer+) CD4 T cells 

with almost no background staining. Spleens were harvested 4 hours after 2W1S peptide 

injection and processed for flow cytometry to determine the frequency and number of 
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cytokine-producing 2W1S-specific memory CD4 T cells. Lm infection primarily 

generates a Th1 response[163], therefore we identified the 2W1S-specific CD4 T cells 

making IFNγ, TNF, and IL-2 (Figures 3-5A and 3-5B). It is important to note the gating 

strategy employed permits the identification and analysis of bona fide memory CD4 T 

cells using 2W1S:I-Ab tetramers that helps us determine the “per cell” capacity of those 

cells to produce cytokines. Similar to what was observed with the reduction in 

proliferative capacity seen 2 days post CLP-induced sepsis, the frequency and number of 

single or multi-cytokine producing 2W1S-specific memory CD4 T cells (IFNγ+-, 

IFNγ+TNF+-, and IFNγ+TNF+IL-2+) was significantly reduced at 2 days post-surgery 

(Figures 3-5C and 3-5D) and remained reduced 30 days after CLP. Interestingly, when 

we looked at the 2W1S-specific memory CD4 T cells only making IL-2 30 days after 

CLP surgery, the frequency and number of IL-2+ 2W1S-specific memory CD4 T cells 

was similar to that seen in sham-treated mice (Figures 3-5E and 3-5F). This data is 

consistent with that in Figure 3-4, where we saw a restoration in proliferative capacity at 

day 30 post-CLP. Together, these data indicate prolonged impairment in the ability of the 

2W1S-specific memory CD4 T cells to produce cytokines critical for pathogen clearing 

immunity when re-stimulated in an Ag-specific manner, despite recovery of cell numbers 

and proliferative capacity (by day 30). 

Sepsis impairs memory CD4 T cell-mediated immunity to infection 

Our data show 2W1S-specific memory CD4 T cells numerically recover by 30 

days after CLP surgery, but their ability to produce effector cytokines after re-stimulation 

remains blunted, suggesting a potential lesion in protective capacity following re-
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infection. To test this, we wanted to challenge post-septic mice with a virulent pathogen. 

Our experiments thus far have used attenuated Lm-2W1S to generate a trackable 

population of endogenous memory Ag-specific CD4 T cells; however, no virulent form 

of Lm-2W1S exists. Therefore, in the following experiments we employed two different 

murine models of infection using virulent bacterial strains. It is important to note that 

while the bacteria strains selected are pathogens not typically found in human septic 

patients, their use as experimental pathogens is well-established and modification to 

express known I-Ab-restricted epitopes allow us to examine distinct, Ag-specific CD4 T 

cell responses after CLP. In the first model, we generated 2W1S-specific memory CD4 T 

cells by infecting mice with attenuated Salmonella enterica engineered to express the 

2W1S epitope (Se-2W). Salmonella-2W1S infection stimulates a robust Ag-specific CD4 

T cell response[157,164] because the bacteria replicate in the phagosomes of dendritic 

cells and macrophages – the location of peptide:MHC II complex formation[155,165–

168]. Moreover, mice immunized with Salmonella -2W1S demonstrate protective 

immunity to a secondary infection with virulent Salmonella [164]. To confirm the 

importance of Salmonella -specific memory CD4 T cells in the protection to virulent 

Salmonella infection, some of the Se-2W-infected mice were depleted of CD4 T cells 

(using the anti-CD4 mAb GK1.5) prior to a second infection of virulent Se-2W (Figure 3-

6A). CD4 T cell-replete mice infected with attenuated Se-2W had significantly lower 

pathogen burdens after secondary virulent Se-2W infection compared to the CD4 T cell-

depleted mice (Figure 3-6B), and had pathogen burdens comparable to that seen in naïve 

mice only infected with virulent Se-2W. We then performed sham or CLP surgery on a 

separate cohort of mice infected with attenuated Se-2W 30 days prior to surgery. On days 
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2 or 30 after surgery, all groups were infected with virulent Se-2W. Splenic bacterial 

titers were determined 7 days after virulent Se-2W infection, revealing higher burdens in 

the CLP-treated mice regardless of early or late secondary challenge (Figures 3-6C and 3-

6D). 

In the second model, naïve mice were infected with attenuated Lm engineered to 

express OVA (Lm-OVA) to elicit OVA323-specific memory CD4 T cells[169]. We tested 

the ability of the OVA323-specific memory CD4 T cells to provide protection against a 

secondary Lm-OVA infection after sepsis induction. The adaptive immune system does 

not confer protection against primary Lm infections after CLP[170]. CD8 T cells play 

prominent roles in controlling and eradicating secondary infections by intracellular 

pathogens that mainly localize to the cytosol of the infected cell, such as L. 

monocytogenes[171], due to the efficient production of peptide:MHC I complexes by the 

infected cell. However, Lm-specific CD4 T cells can provide sufficient protection to 

infection even in the absence of CD8 T cells[172–174]. Thus, to focus on the memory 

CD4 T cell-mediated clearance of Lm-OVA, CD8 T cells were depleted using anti-CD8 

mAb (clone 2.43) prior to performing sham of CLP surgery (Figures 3-7A and 3-7B). 

Two days later the mice were infected with virulent Lm-OVA, after which pathogen 

burden in the liver and spleen was determined. A separate group of naïve, CD8-depleted 

mice were infected with virulent Lm-OVA for reference. As expected, we saw 

substantially reduced Lm-OVA burden in both the liver and spleen compared to infected 

naïve mice (Figures 3-7C and 3-7D). In contrast, the Lm-OVA burdens were dramatically 

higher in the CLP-treated mice compared to sham mice. To better understand the cause 
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for this reduced protection, we examined the impact of sepsis on the number and function 

of the OVA323-specific memory CD4 T cells (Figure 3-7E). Just as seen with the 2W1S-

specific memory CD4 T cells, CLP-induced sepsis led to a significant reduction in 

OVA323-specific memory CD4 T cell numbers and ability to produce IFNγ after in vivo 

restimulation (Figures 3-7F and 3-7G). Together, the data in Figures 3-5 and 3-6 show 

the sepsis-induced long-lasting changes in Ag-specific memory CD4 T cell pools that 

ultimately impact the ability of the host to properly respond to pathogen re-infection. 

IV. Discussion 

Sepsis causes millions of deaths annually[2,175,176], and the incidence of sepsis 

has increased dramatically in recent decades. Understanding the cellular mechanisms that 

contribute to sepsis-induced immunosuppression is critical for developing effective 

therapies and improving the survival and quality of life for septic patients. CD4 T cells 

have the unique flexibility of functioning in an array of immunological settings due to 

their ability to differentiate into a variety of phenotypic subsets based on the 

inflammatory milieu produced at the time of primary Ag encounter[177,178]. Clinical 

data show considerable reduction in number of circulating CD4 T cells (along with other 

lymphocyte populations) in sepsis patients of all ages[16,57–59] and at the time of high 

pathogen burden[179,180]. Moreover, reports of decreased effector CD4 T cell function 

in critically ill sepsis patients date back to the 1970’s with data showing impaired DTH 

reactions[32]. These observations and the fact that DTH is mediated in large part by CD4 

T cells[181] bring into question to what extent memory CD4 T cells are numerically and 

functionally affected by sepsis. However, most (if not all) of the previous studies 
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examined the effect of sepsis on the CD4 T cell compartment in sum, which has the 

potential to mask some of the unique characteristics of individual Ag-specific 

populations[62]. In contrast to these previous publications, the present study took 

advantage of pathogens engineered to express defined CD4 T cell epitopes to stimulate 

the generation of bona fide memory CD4 T cells and reagents to identify and 

quantitatively and qualitatively evaluate endogenous Ag-specific memory CD4 T cells 

that have experienced a septic event. As a complement to the experiments using 

conventional laboratory mice infected with a known experimental pathogen to generate 

Ag-specific memory CD4 T cells, our ‘dirty’ mouse model allowed us to investigate how 

multiple populations of memory CD4 T cells are affected during sepsis in an animal with 

a more adult human-like immune system[50,154,182]. Together, the experimental model 

systems used provided a unique means by which sepsis-induced immunoparalysis of 

memory CD4 T cells was evaluated. 

One area of sepsis research that has received considerable attention recently deals 

with the idea that sepsis may differentially affect naïve and memory T cells. Indeed, there 

is data to suggest memory CD8 T cells are more resistant to radiation-induced apoptosis 

than naive cells[183]. Cellular apoptotic mechanisms induced by extrinsic (i.e., death 

receptor) and intrinsic (i.e., mitochondrial) pathways have been suggested to be major 

contributors to the numerical reduction in total CD4 and CD8 T cells following 

sepsis[35], but the definitive molecule responsible for initiating lymphocyte apoptosis 

during sepsis has yet to be identified. Regardless of the mechanism by which sepsis-

induced lymphopenia occurs, studies from a number of laboratories using proven 
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experimental infection models for eliciting Ag-specific memory T cells indicate 

circulating Ag-experienced memory CD8 T cells are equally susceptible to sepsis-

induced attrition as naïve CD8 T cells[29,118,184,185]. In addition, the circulating 

memory CD8 T cells exhibit profound impairment in effector functionality (e.g, 

decreased Ag sensitivity, proliferative capacity, cytokine production, and inability to 

clear secondary infections) following a septic event[186]. The numerical and functional 

decrease in circulating memory CD8 T cells is not, interestingly, reciprocated in tissue-

resident memory CD8 T cells after a moderate sepsis insult that leads to <10% 

mortality[118]. The number of tissue-resident memory CD8 T cells is maintained after 

sepsis, as well as their ability to produce effector cytokine after re-stimulation. In contrast 

to the aforementioned similar attrition of naïve and memory CD8 T cells after sepsis, it 

was recently suggested by Xie et al. that CD44hi CD8 T cells in “memory mice” 

(generated via Listeria and LCMV infection) exhibited significant attrition after CLP 

while this was not the case for naïve CD44lo CD8 T cells[63]. It was surprising to see that 

CLP sepsis did not lead to a reduction in CD44lo CD8 T cells, as such a reduction has 

been noted in other papers[17,36,39,103,117,147,187]. Moreover, these authors 

examined the bulk CD8 T cell compartment, even though peptide:MHC I tetramers were 

available to identify LCMV-specific CD8 T cells. The authors also detected increased 

expression of CD25, PD-1, and 2B4 on the memory CD8 T cells, but did not perform any 

studies to directly determine if and/or how these proteins may be altering T cell 

sensitivity to sepsis-induced attention. Needless to say, additional data is needed to 

conclusively determine the extent of naïve and memory CD8 T cells sensitivity to CLP-
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induced apoptosis and the potential role played by intrinsic factors (e.g., CD25, PD-1, 

2B4, and other proteins) in regulating this sensitivity. 

Fewer studies have examined the effect of sepsis on Ag-experienced memory 

CD4 T cells compared to what has been done for memory CD8 T cells, driving our 

interest in the current set of experiments. Contrary to the increased susceptibility of 

memory CD44hi CD8 T cells (vs. naïve CD44lo CD8 T cells) to sepsis-induced apoptosis 

suggested by Xie et al.[63], data presented by these authors suggested CD44hi CD4 T 

cells were not more sensitive to attrition during sepsis compared to CD44lo CD4 T cells. 

As with their CD8 T cell data, the CD4 T cells were examined at the bulk (non-Ag-

specific) level. Some of the data presented herein are consistent with the data by Xie et 

al., but there are some important differences in our study that are worth noting. First, our 

data show CLP-induced sepsis results in a transient numerical reduction of 2W1S-

specific memory CD4 T cells (current study), while 2W1S-specific naive CD4 T cells 

suffer from prolonged numerical reduction[62]. Second, while the numerical reduction 

was transient, the inability of the 2W1S-specific memory CD4 T cells to produce 

cytokines upon peptide restimulation was evident out to day 30 post CLP, similar to what 

was observed in naïve cells[62]. Cytokine “help” from CD4 T cells is a hallmark of this 

population of immune cells, and the prolonged dysfunction in cytokine production may 

contribute the generalized immunoparalysis seen during sepsis. Furthermore, the in vivo 

peptide restimulation assay used is a more physiological way of activating the desired 

Ag-specific population via MHC II presentation of peptide Ag[62,110,156,157]. Third, 

despite their reduced ability to produce cytokines at day 30-post sepsis, 2W1S-specific 



71 
 

memory CD4 T cells were surprisingly able to expand upon Ag re-encounter 30 days 

after CLP to nearly sham levels. It is important to note that the accumulation/expansion 

of Ag-specific effector CD4 T cells upon Ag re-encounter is dependent on the rate of 

proliferation (leading to an increase in cell accumulation) and rate of death (decrease in 

accumulation). We did not measure either of these parameters; however, impairment is 

clearly seen in day 2 septic mice undergoing secondary challenge since the fold-

expansion in numbers from pre-challenge level was significantly diminished (6x 

compared to 44x – see Figure 3-4). It is reasonable to suggest that the reduction in 

accumulation of memory CD4 T cells following a second encounter with cognate Ag to 

be due to decreased per-cell proliferation, increased death, or both. Together, our data 

show the 2W1S-specific memory population is similarly prone to the initial sepsis-

induced depletion and prolonged inability to produce important inflammatory cytokines 

compared to their naïve counterparts. However, unlike naïve 2W1S-specific CD4 T cells, 

Ag-experienced memory 2W1S-specific CD4 T cells quickly recover numerically, as 

well as their ability to proliferate in response to a secondary infection.  It remains to be 

determined how sepsis affects the number and function of tissue-resident memory CD4 T 

cells. Moreover, the different recovery rates between the memory and regulatory Foxp3+ 

CD4 T cell populations could suggest additional time-dependent mechanisms that control 

the ability of sepsis survivors to respond to secondary infection. There have been a few 

reports specifically looking at the role of regulatory Foxp3+ CD4 T cells in 

sepsis[72,188,189], and while these data hint at the participation of this CD4 T cell subset 

in sepsis-inducced immune suppression additional evaluation is needed to better define 

how regulatory CD4 T cells are maintained and function in the post-septic host. 
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Our data collectively show CLP-induced sepsis results in a transient numerical 

reduction and long-term functional deficits of Ag-specific memory CD4 T cells, which 

contributes to the characteristic long-lasting immunoparalysis seen after sepsis and 

reduced protection to secondary infection. Secondary infection after sepsis, acquired 

while in the hospital or after discharge, is a leading cause of sepsis mortality[19,190–

192]. Lungs, blood stream, surgical site/soft tissue, and urinary tract are the most sites of 

secondary infection in septic patients, with Pseudomonas spp., Staphylococcus spp., 

Candida albicans, E. coli, and Enterococcus spp. being common secondary infection 

microbes[193]. We recognize that the experimental pathogens used in this study (to 

establish either the primary or secondary infection) are not the "typical" pathogens found 

in sepsis patients. We chose to use Listeria and Salmonella for the following reasons: 1) 

both are well-established model pathogens for examining the immune response to 

bacteria, where attenuated strains are available for generating memory T cells and 

virulent strains are available to assess the protective capacity of the memory T cells; 2) 

Listeria and Salmonella infection stimulates a robust Ag-specific CD4 T cell response 

because the bacteria replicate in the phagosomes of dendritic cells and macrophages – the 

location of peptide:MHC II complex formation; and 3) the recombinant Listeria and 

Salmonella strains express known I-Ab-restricted epitopes. Future studies could include 

engineering recombinant P. aeruginosa, S. aureus, and/or S. pneumonia to express the 

2W1S (or some other) epitope that will enable testing of the 2W1S-specific memory CD4 

T cell response in CLP-treated mice given a secondary infection with a clinically-relevant 

pathogen after recovery from the initial septic event. It is also important to note that while 

our study exclusively examined the  in vivo function of memory CD4 T cells after sepsis, 
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other publications have shown the environment is also a critical factor in sepsis-induced 

suppression of T cells[13]. Following sepsis, a number of CD4 T cell extrinsic factors 

have been found to suppress the activity of CD4 T cells, including the reduced APC 

function and TNF signaling[13,188]. Sepsis also leads to dysfunction of the innate 

immune system, including impaired bacterial clearance by neutrophils, leading to 

increased susceptibility to P. aeruginosa and S. aureus[170,194]. Future studies could 

investigate the extent to which sepsis impairs innate immune responses, especially those 

related to trained innate immunity, in microbially-experienced mice containing a high 

frequency of Ag-experienced memory T cells. 

 In summary, our experiments have uncovered differences in recovery and 

function within the endogenous memory CD4 T cell compartment compared to what has 

been detected at the “bulk” CD4 T cell level. The data presented here will serve as the 

foundation for a number of future studies examining the behavior of endogenous, Ag-

experienced memory CD4 T cells in the septic host, as well as methods of reversing the 

immunoparalysis typically observed within this population of immune cells vital to 

overall immune system fitness.   
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V. Figures 

 
Figure 3-1. Generation of Ag-specific memory CD4 T cells following attenuated 
Listeria monocytogenes-2W1S infection. A. Experimental design – B6 mice were 
immunized with attenuated Listeria monocytogenes-2W1S (107 CFU i.v.). The number of 
2W1S-specific CD4 T cells were determined before and after infection. B. Representative 
flow plots show the gating strategy used to identify 2W1S:I-Ab+ cells first identified as 
being CD3+ and CD4+. From the tetramer+ gate, cells expressing the transcription factors 
Tbet (Th1 phenotype) or Foxp3 (regulatory T cell phenotype) were then identified. 
Positive and negative gating determined using FMO controls. C-D. The number of (C) 
total CD4 T cells, 2W1S-specific CD4 T cells, Tbet+ 2W1S-specific CD4 T cells, and (D) 
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Foxp3+ 2W1S-specific CD4 T cells in the spleen was determined 7, 14, and 28 days after 
attenuated LM-2W1S infection. Data shown are representative from 3 independent 
experiments, with at least 3 mice/group/time point in each experiment. 

  



76 
 

 
Figure 3-2. Loss and recovery of 2W1S-specific memory CD4 T cells following CLP-
induced sepsis. A. Experimental design – B6 mice were immunized with attenuated 
Listeria monocytogenes-2W1S (107 CFU i.v.) 30 days before sham or CLP surgery. The 
number of 2W1S-specific CD4 T cells were determined after surgery. B. Survival of LM-
2W-infected B6 mice after sham and CLP surgery (n = 29 sham; n = 67 CLP). C-F. The 
number of (C) total CD4 T cells and (D) 2W1S-specific CD4 T cells in the spleen was 
determined 2, 7, 14, and 28 days after sham or CLP surgery by flow cytometry. In 
addition, the 2W1S-specific CD4 T cells were subtyped based on (E) Tbet (Th1 
phenotype) and (F) Foxp3 (regulatory T cell phenotype) expression. Data shown are 
cumulative from 3 independent experiments, with at least 3 mice/group/time point in 
each experiment. * p < 0.05, ** p < 0.01, ** p < 0.005, ** p < 0.001. 
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Figure 3-3. Sepsis induces transient loss in number of pre-existing “Ag-experienced” 
CD4 T cells in microbially-experienced ‘dirty’ mice. A. Experimental design – SPF B6 
mice were cohoused with pet store mice for 60 days to permit microbe transfer and 
immune system maturation. B. Age-matched SPF and cohoused (CoH) mice were bled 
prior to and at 2, 4, 6, and 8 weeks after cohousing to determine the frequency of CD44hi 
CD4 T cells. C-G. Sham or CLP surgery was performed on cohoused B6 mice. The 
number of total, CD44hi, CD11a+CD49d+ “Ag-experienced”, and CD11a-CD49d- naive 
CD4 T cells in the spleen was determined 2 and 30 days post-surgery by flow cytometry. 
E. Representative flow plots show gating strategy. Positive and negative gating 
determined using FMO controls. The number of (C) total, (D) CD11a+CD49d+, and (E) 
CD11a-CD49d- CD4 T cells was determined. Data shown are representative of 2 
independent experiments, with at least 4 mice/group in each experiment. * p < 0.05, ** p 
< 0.01. 
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Figure 3-4. Sepsis impairs the recall response by pre-existing 2W1S-specific memory 
CD4 T cells to cognate Ag. A. Experimental design – B6 mice were immunized with 
attenuated L. monocytogenes-2W1S (107 CFU i.v.) 30 days before sham or CLP surgery. 
The mice were given a second infection with attenuated L. monocytogenes-2W1S (107 
CFU i.v.) 2 or 30 days after surgery. B. Total number of 2W1S-specific CD4 T cells in 
the spleen was determined the day of and 7 days after the second LM-2W1S infection 
(107 CFU i.v.) . The fold increase in cell numbers at day 7 post-secondary infection is 
indicated. Data shown are representative of 2 independent experiments, with 4 
mice/group in each experiment. ** p < 0.01 
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Figure 3-5. Sepsis impairs the ability of 2W1S-specific memory CD4 T cells to 
produce effector cytokines after in vivo cognate Ag restimulation. A. Experimental 
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design – B6 mice were immunized with attenuated L. monocytogenes-2W1S (107 CFU 
i.v.) 30 days before sham or CLP surgery. Mice were injected with 2W1S peptide (100 
µg i.v.) 2 or 30 days after surgery to restimulate the 2W1S-specific memory CD4 T cells. 
Spleens were harvested 4 hours later, and the frequency and number of IFNγ+, 
IFNγ+TNFα+, and IFNγ+TNFα+IL-2+ 2W1S-specific CD4 T cells was determined by flow 
cytometry. B. Representative flow plots of intracellular IFNγ, TNFα, and IL-2 detection 
in CD44hi2W1S:I-Ab+ CD4 T cells after in vivo peptide restimulation. Plots show cells 
gated from 2W:I-Ab-enriched CD4 T cells from sham- or CLP-treated mice. Positive and 
negative gating determined using FMO controls. Frequency (C) and number (D) of 
CD44hi2W1S:I-Ab+-specific CD4 T cells in the spleen producing IFNγ, IFNγ/TNFα, and 
IFNγ/TNFα/IL-2. E. Representative flow plots of intracellular IL-2 detection in 
CD44hi2W1S:I-Ab+ CD4 T cells after in vivo peptide restimulation. Plots show cells 
gated from 2W:I-Ab-enriched CD4 T cells from sham- or CLP-treated mice. Positive and 
negative gating determined using FMO controls. F. Frequency and number of 
CD44hi2W1S:I-Ab+-specific CD4 T cells in the spleen producing IL-2. Data shown are 
representative of 2 independent experiments, with at least 4 mice/group in each 
experiment. * p < 0.05, ** p < 0.01, *** p < 0.005 
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Figure 3-6. Impaired 2W1S-specific memory CD4 T cell-mediated immunity to 
secondary Salmonella-2W1S infection after CLP-induced sepsis. A. Experimental 
design – B6 mice were immunized with attenuated attenuated Salmonella enterica strain 
BRD509-2W1S (Se-2W1S; AroA-; 106 CFU i.v.) 30 d before sham or CLP surgery. B. 
One group of mice (Imm/αCD4) was depleted of CD4 T cells by injecting anti-CD4 mAb 
GK1.5 i.v. (800 µg on day -7, and 400 µg on days -4 and -3) before second infection with 
virulent Salmonella-2W1S (103 CFU i.v.). Bacterial titers in the spleen were determined 
7 days later. C. In a separate cohort of attenuated Se-2W1S infected mice, sham or CLP 
surgery was performed. These mice were then challenged with virulent Se-2W1S (103 
CFU i.v.) 2 or 30 days after surgery. Bacterial titers in the spleen were determined 7 days 
later. Data shown are representative of 3 independent experiments, with at least 5 
mice/group in each experiment. * p < 0.05, ** p < 0.01 
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Figure 3-7. Effect of sepsis on OVA323-339-specific memory CD4 T cells. A. 
Experimental design – B6 mice were infected with attenuated L. monocytogenes-OVA 
(LM-OVA; 107 CFU i.v.) 30 d before sham or CLP surgery. Mice in the naïve, sham, and 
CLP groups were depleted of CD8 T cells by injecting 100 µg anti-CD8 mAb (clone 
2.43) i.v. 3, 2, and 1 days prior to surgery. B. A small amount of blood was collected 
from the anti-CD8 mAb-treated mice on the day of surgery and staining for CD4 and 
CD8 T cells. Representative flow plots show the extent of CD8 T cell depletion 
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compared to a reference mouse injected with a control isotype mAb. C-D. The mice were 
infected with virulent LM-OVA (104 CFU i.v.) 2 days after surgery. Bacterial titers in the 
liver and spleen were determined 3 days post-vir LM-OVA infection. Data shown are 
representative of 2 independent experiments, with at least 5 mice/group in each 
experiment. * p < 0.05, ** p < 0.01. E. Experimental design – B6 mice were infected 
with attenuated L. monocytogenes-OVA (LM-OVA; 107 CFU i.v.) 30 d before sham or 
CLP surgery. F. On day 2 post-surgery, the number of OVA323-339-specific memory CD4 
T cells in the spleen were determined. G. A separate cohort of mice were injected with 
OVA323-339 peptide (100 µg i.v.) 2 days after surgery to restimulate the OVA323-339-
specific memory CD4 T cells. Spleens were harvested 4 hours later, and the frequency of 
IFNγ+ OVA323-339-specific CD4 T cells was determined by flow cytometry. Data shown 
are representative of 2 independent experiments, with at least 5 mice/group in each 
experiment. ** p < 0.01.  
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Chapter 4 

Maturation status of immune system  

in determining outcome to CLP-induced sepsis3 

 
3 This Chapter has been previously published. Cell Reports, Volume 28, Issue 7. Matthew A. 
Huggins, Frances V. Sjaastad, Mark Pierson, Tamara A. Kucaba, Whitney Swanson, Christopher 
Staley, Alexa R. Weingarden, Isaac J. Jensen, Derek B. Danahy, Vladimir P. Badovinac, Stephen 
C. Jameson, Vaiva Vezys, David Masopust, Alexander Khoruts, Thomas S. Griffith and Sara E. 
Hamilton. Microbial Exposure Enhances Immunity to Pathogens Recognized by TLR2 but 
Increases Susceptibility to Cytokine Storm through TLR4 Sensitization, pp. 1729-1743 © 2019 
Huggins, Sjaastad, Pierson, Kucaba, Swanson, Staley, Weingarden, Jensen, Danahy, Badovinac, 
Jameson, Vezys, Masopust, Khoruts, Griffith and Hamilton. 
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Microbial exposures can define an individual’s basal immune state. Cohousing 

specific pathogen-free (SPF) mice with pet store mice, which harbor numerous infectious 

microbes, results in global changes to the immune system, including increased circulating 

phagocytes and elevated inflammatory cytokines. How these differences in the basal 

immune state influence the acute response to systemic infection is unclear. Cohoused 

mice exhibit enhanced protection from virulent Listeria monocytogenes (LM) infection, 

but increased morbidity and mortality to polymicrobial sepsis. Cohoused mice have more 

TLR2+ and TLR4+ phagocytes, enhancing recognition of microbes through pattern-

recognition receptors. However, the response to a TLR2 ligand is muted in cohoused 

mice, whereas the response to a TLR4 ligand is greatly amplified, suggesting a basis for 

the distinct response to Listeria monocytogenes and sepsis. Our data illustrate how 

microbial exposure can enhance the immune response to unrelated challenges but also 

increase the risk of immunopathology from a severe cytokine storm. 
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I. Introduction 

Mice are one of the most important and heavily used tools in biomedical research, 

due in part to their well-decoded genetics and their ability to model complex 

physiological systems in humans[195]. The availability of an extensive array of 

transgenic and knockout mouse strains, as well as the ease of manipulating the genome to 

generate novel strains as needed, has made the mouse increasingly valuable for studying 

functions of the immune system[196]. However, environmental pathogen exposure is an 

important difference between human and laboratory mouse biology that must be 

considered when using mouse models to evaluate the fitness of the immune system. 

Humans and mice are naturally exposed to both commensal and pathogenic microbes on 

a daily basis from birth. Laboratory mice, in contrast, are often housed under specific 

pathogen-free (SPF) conditions. While SPF housing has been instrumental in increasing 

experimental reproducibility, it has also further distanced the mouse model from 

humans[197]. The immune system of adult humans has been trained and shaped in the 

context of each infection and vaccination experienced, while the SPF mouse experiences 

limited microbial exposures[49]. How these interactions between host and microbe might 

impact future immune responses to acute infection is unknown and prompted the current 

investigation. 

Recent studies have highlighted notable differences in composition and function 

of the immune systems of SPF mice and mice with increased exposure to naturally 

transferred murine microbes[50,198]. Natural pathogen transfer by cohousing laboratory 

mice with “dirty” pet store mice shifts the murine immune system to more closely 
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resemble that seen in adult humans exposed to microbes through infection and 

vaccination[50]. The T cell compartment of SPF laboratory mice is dominated by naive 

cells, whereas the majority of T cells in cohoused and pet store mice have an effector or 

memory phenotype and corresponding functional capacity. SPF mice have few 

nonlymphoid tissue-resident T cells, while they are abundant in cohoused mice. Finally, 

transcriptomic analysis of cells from the blood indicates the basal immune system of an 

SPF mouse most closely resembles a neonatal human, whereas the cohoused mouse gene 

expression signature correlates with that of adult humans[50]. 

Currently, it is poorly understood how natural microbial exposure alters the 

immune response to future challenges. Microbial exposure can increase resistance to 

bacterial and parasitic pathogens[50], but the basis for improved control, or whether it 

extends to other infectious challenges, is unknown. Our ability to incorporate 

spontaneous microbial exposure allows us to qualitatively address the cumulative effects 

of natural infections on future immunity. We have leveraged this mouse model where 

exposure to multiple naturally acquired infections generates an experienced immune 

system—mimicking a critical aspect of human biology—to investigate the immune 

response following a systemic inflammatory stimulus. Our data demonstrate substantial 

differences in the acute immune response after exposure to monomicrobial (using 

polymicrobial (using the cecal ligation and puncture [CLP] model of sepsis), or sterile 

(using the classical model of lipopolysaccharides [LPS] endotoxin or Pam3CSK4 

challenge) stimuli. Surprisingly, these differences either improved immunity for the host 

(Listeria monocytogenes) or caused a dramatic reduction in survival (CLP and LPS). Our 
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investigation also identified changes in the microbiome as well as the expression and 

activation of two pattern-recognition receptors (PRRs), Toll-like receptor 2 (TLR2) and 

TLR4, following cohousing. A muted response to TLR2 ligands and an exaggerated 

response to TLR4 ligands indicate a role for infectious history in “training’” the innate 

immune system. Thus, our results show that an experienced immune system can 

differentially induce an acute inflammatory response that ultimately benefits or harms the 

host based on the type of challenge. 

II. Materials and Methods 

Mice 

Female C57BL/6N (B6; 8-10 weeks of age) mice were purchased from Charles 

River (Wilmington, MA). Female pet store mice were purchased from local pet stores in 

the Minneapolis-St. Paul, MN metropolitan area. All mice were housed in AALAC-

approved animal facilities at the University of Minnesota (BSL-1/BSL-2 for SPF B6 

mice, and BSL-3 for cohoused B6 and pet store mice). SPF B6 and pet store mice were 

cohoused at a ratio of 8:1 in large rat cages for 60 days to facilitate microbe transfer. 

Littermates were randomly assigned to experimental groups. Experimental procedures 

were approved by the University of Minneapolis Animal Care and Use Committee and 

performed following the Office of Laboratory Animal Welfare guidelines and PHS 

Policy on Human Cancer and Use of Laboratory Animals. 

Serology and immune cell phenotyping 
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Serum was collected prior to and after 60 days of co-housing for serology and 

cytokine analysis. Serum was screened using EZ-spot and PCR Rodent Infectious Agent 

(PRIA) array methods (Charles River Laboratories) for sendai virus (SEND), pneumonia 

virus of mice (PVM), mouse hepatitis virus (MHV), Minute virus of mice (MVM), 

mouse parvovirus type 1 (MPV-1), mouse parvovirus type 2 (MPV-2), mouse 

parvovirus-NS1 (NS-1), murine norovirus (MNV), Theiler’s murine encephalomyelitis 

virus (GDVII), reovirus (REO), Rotavirus EDIM (EDIM/ROTA-A), lymphocytic 

choriomeningitis virus (LCMV), ectromelia virus (ECTRO), mouse adenovirus 1 and 2 

(MAV1&2), mouse cytomegalovirus (MCMV), polyoma virus (POLY), mycoplasma 

pulmonis (MPUL), enchephalitozoon cuniculi (ECUN), cilia-associated respiratory 

bacillus (CARB), and clostridium piliforme (CPIL). Blood was also collected before and 

after co-housing to determine the composition and phenotype of circulating immune 

cells. 

Flow cytometry 

The following fluorochrome-conjugated mAb were purchased from Biolegend: 

Ly6C (HK1.4), Nkp46 (29A1.4), MHC II (I:A/I:E) (M5/114.15.2), CD62L (MEL-14), 

CD45.2 (104), CD44 (IM7), Ly6G (1A8), TLR2 (QA16A01), TLR4-MD2 (MTS510), 

CD64 (X54-5/7.1, CD14 (Sa14-2) and Tonbo Biosciences: CD8a (53-6.7), CD4 (RM4-

5), IFNγ (XMG1.2), Ghost 780 (live/dead). 

Measurement of serum cytokines and chemokines 

Serum cytokines and chemokines were quantitated with the ProcartaPlex 

Cytokine & Chemokine 36-plex mouse panel or custom 17-plex panel (CCL5, CCL7, 
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CXCL1, CXCL5, CXCL10, GM-CSF, IL-1β, IL-2, IL-5, IL-6, IL-10, IL-15/IL-15R, IL-

17A, IL-18, IL-28, IFNγ, and TNF; Invitrogen) using a Luminex 200 with Bio-plex 

Manager Software 5.0. 

Listeria infection 

Wild-type, virulent Listeria monocytogenes (LM) strain 10403s (provided by John 

Harty, University of Iowa) was grown to log phase in tryptic soy broth containing 

streptomycin. Mice were infected i.v. with 8 × 104 CFU. Bacterial load in the spleen and 

liver was determined at the indicated days post-challenge[199]. 

Cecal ligation and puncture 

Sepsis was induced by CLP[47]. Briefly, mice were anesthetized using isoflurane 

(2.5% gas via inhalation) or Ketamine/xylazine (87.5mg/kg and 12.5mg/kg, respectively, 

i.p.). The abdomen was shaved and disinfected with 5% povidone-iodine antiseptic. 

Bupivicaine (6 mg/kg s.c.) was then administered at the site where a midline incision was 

made. The distal third of the cecum was ligated with 4-0 silk suture and punctured once 

with a 25-g needle to extrude a small amount of cecal content. The cecum was returned to 

the abdomen, the peritoneum was closed via continuous suture, and the skin was sealed 

using surgical glue (Vetbond; 3M, St. Paul, MN). Meloxicam (2 mg/kg) in 1 mL saline 

was administered at the time of surgery and for 3 additional days for postoperative 

analgesia and fluid resuscitation. Mice were monitored daily for weight loss and pain for 

at least 5 days post-surgery. Sham-treated mice underwent the same laparotomy 

procedure excluding ligation and puncture. 

Bacteremia quantitation 
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Bacterial burden in the blood was assessed at 24 hours after CLP surgery. 

Heparinized blood was collected via cardiac puncture using aseptic techniques, serially 

diluted in sterile PBS, and plated on TSA plates. After overnight incubation at 37°C, 

colonies were counted. 

DNA extraction and sequencing 

DNA was extracted from single mouse fecal pellets using the DNeasy PowerSoil 

kit (QIAGEN, Hilden, Germany). The V5-V6 hypervariable regions of the 16S rRNA 

gene were amplified and paired-end sequenced using the BSF784/1064R primer set[200] 

by the University of Minnesota Genomics center (UMGC; Minneapolis, MN). 

Sequencing was done using the Illumina MiSeq platform (Illumina, Inc., San Diego, CA) 

at a read length of 300 nucleotides (nt). Raw data are deposited in the Sequence Read 

Archive[201] under BioProject accession number SRP193509. 

TLR4 Reporter Cell Assay 

Cecal contents were collected and prepared according to previously published 

protocols (Hilbert et al., 2017). Briefly, SPF and CoH mice were euthanized and cecal 

contents harvested and weighed. Samples from individual mice were initially mixed with 

a 5% dextrose solution to create a 40 mg/ml slurry. The cecal slurry was then passed 

through 70 μm filter to remove large particulates. Slurries were then added at the 

indicated concentrations to triplicate wells of 96-well flat-bottom plates seeded with 4 × 

104 TLR4 reporter cells (HEK-Blue hTLR4; InvivoGen[202]). HEK-Blue hTLR4 were 

maintained according to manufacturer’s recommendations. After 24 h, conditioned media 
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was collected to measure SEAP activity according to the manufacturer’s protocol 

(QUANTI-Blue Solution, InvivoGen). 

Intraperitoneal injection of cecal slurry 

Cecal contents from 3-4 donor mice were pooled and mixed with 5% dextrose 

solution to create a 40 mg/ml cecal slurry. The cecal slurry was then passed through 70 

μm filter and then injected i.p. into recipient mice (0.75 or 0.5 mg slurry/g mouse in 300 

μl) using a 21G needle. Meloxicam (2 mg/kg) in 1 mL saline was administered at the 

time of slurry injection and for 3 additional days for postoperative analgesia and fluid 

resuscitation. Mice were monitored daily for weight loss and pain for at least 5 days post-

injection. 

Quantitative real-time PCR (qPCR) 

Myeloid cells were isolated from the spleens of SPF and CoH mice by plastic 

adherence[203,204]. Spleens (5 SPF and 5 CoH) were prepared into a single cell 

suspension in 2 mL HBSS, washed, and resuspended in 10 mL of complete RPMI. Each 

cell suspension was added to two 10 cm culture dishes and incubated at 37°C for 90 min. 

Plates were washed twice with 5 mL PBS to remove nonadherent cells. Total RNA was 

isolated from the remaining adherent myeloid cells using TRIzol reagent (Invitrogen, 

Carlsbad, CA), and 1 μg was reverse-transcribed using Superscript III (Invitrogen). 

Resulting cDNA was used as a template for qPCR using TaqMan primer/probe sets for 

Tlr1, Tlr2, Tlr3, Tlr4, Tlr5, Tlr6, Tlr7, Tlr8, Tlr9, Cd14, Ly96, Myd88, Ticam2, Traf6, 

Irak1, and 18 s rRNA (Applied Biosystems). 

Bioinformatics 
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Sequence processing was done using mothur (version 1.33.3)[205], as previously 

described[206]. Briefly, sequences were paired-end join, trimmed for quality, and aligned 

against the SILVA database (version 123) for clustering. A 2% pre-cluster was used to 

remove sequences likely to contain errors[207]. Chimeras were identified and removed 

using UCHIME (version 4.2.40)[208]. Operational taxonomic units (OTUs) were 

identified at 97% similarity using furthest-neighbor clustering and classified against the 

Ribosomal Database Project release (version 14). Alpha diversity (within-sample 

diversity), measured as Good’s coverage, Shannon index, and abundance-based coverage 

estimate (ACE), was calculated in mothur. Differences in beta diversity (between-sample 

diversity) were calculated using Bray-Curtis dissimilarities[209]. To determine 

engraftment among CoH mice, SourceTracker (version 0.9.8) was used with default 

parameters[210]. This program uses a Bayesian algorithm to determine the percent of the 

community in user-defined sink (co-housed mice) samples that can be attributed to user 

defined source (SPF and pet store mice) samples. 

LPS/Pam3CSK4 challenge 

A rodent model of endotoxemia was induced by a single injection of LPS-EB 

from E. coli O111:B4 (10, 5, or 1 mg/kg body weight i.v.; InvivoGen)[211]. Similarly, 

some mice were challenged with a single dose (10 mg/kg body weight i.v.) of 

Pam3CSK4 VacciGrade (InvivoGen). 

Quantification and Statistical Analysis 

Data shown are presented as mean values ± SEM. GraphPad Prism 8 was used for 

statistical analysis, where statistical significance was determined using two-tailed 
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Unpaired, nonparametric Mann-Whitney U test (for 2 individual groups) or group-wise, 

one-way ANOVA analyses followed by multiple-testing correction using the Holm-Sidak 

method, with α = 0.05. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.005, ∗∗∗∗ p < 0.001. 

Differences in alpha diversity were determined using ANOVA and differences in relative 

abundances of genera were determine by Kruskal-Wallis test using the Steel-Dwass-

Critchlow-Fligner procedure for pairwise comparisons. Analysis of similarity (ANOSIM) 

(Clarke, 1993) was used to evaluate differences in community composition, and 

ordination was done using principal coordinates analysis (PCoA)[212]. Correlation of 

phyla and genera abundances with axes positions were done using Spearman correlations. 

ANOVA and Kruskal-Wallis tests were done using XLSTAT software (version 17.06; 

Addinsoft, Belmont, MA). ANOSIM, PCoA, and correlation analyses were done using 

mothur. All statistics were evaluated at α = 0.05 with Bonferroni correction for multiple 

comparisons. 

Data and Code Availability 

The accession number for the raw 16 s rRNA sequencing data reported in this 

paper is SRA: SRP193509[201]. 

III. Results 

Normalizing Microbial Exposure Creates a More Inflammatory Host Environment 

Mice from pet stores carry a number of pathogens normally absent from standard 

SPF laboratory strains of mice[50]. After cohousing for 60 days, C57BL/6 (B6) mice 

acquire many of the microbes carried by the pet store mice based on serological assays 
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(Figure 4-1A). Importantly, this physiological microbial exposure resulted in global 

changes to the immune status of the cohoused mice. Inflammatory serum cytokine and 

chemokine levels were elevated in long-term cohoused B6 and pet store mice, relative to 

SPF B6 mice. For example, the pro-inflammatory cytokines IL-1β, IL-6, IFNγ, and tumor 

necrosis factor (TNF) were notably higher in the serum of cohoused B6 and pet store 

mice after 60 days (Figure 4-1B). Similar increases were seen for IL-2, IL-5, IL-9, IL-10, 

IL-13, IL-15/IL-15R, IL-17A, IL-18, IL-22, IL-23, IL-28, G-CSF, GM-CSF, CCL3, 

CCL4, CCL5, and CXCL10 (Figures 4-1C and 4-2). Collectively, these data demonstrate 

that physiological microbial exposure establishes elevated systemic inflammation, 

marked by the presence of numerous cytokines and chemokines in the serum. 

Given the increase in serum cytokines, we next defined the cellular immune 

composition of cohoused and pet store mice. While the total blood cell numbers were not 

different among SPF B6, cohoused B6, and pet store mice (Figure 4-3A), cohousing 

altered the composition of circulating immune cells. The frequency and number of 

circulating CD4 and CD8 T cells were not changed compared to SPF B6 mice (Figures 4-

3B and 4-3C), but consistent with previous data, physiological microbial transfer resulted 

in increased frequencies of CD44hi and KLRG1+ and decreased frequencies of CD62L+ 

CD4 and CD8 T cells (collectively indicating increased frequencies of effector and 

effector memory T cells[213] and long-lived effector memory T cells[214]) in the blood 

of cohoused B6 and pet store mice (Figure 4-4)[50]. These data indicate a transition of 

naive T cells to antigen-stimulated T cells as a result of microbial exposure. The innate 

immune cell compartment was significantly expanded following cohousing, with 
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increases in both the frequency and the number of circulating monocytes and neutrophils 

(Figures 4-3D and 4-3E). In contrast, B cells and natural killer (NK) cells showed modest 

reductions in the blood after microbial exposure (Figures 4-3F and 4-3G). Collectively, 

these data demonstrate that physiological microbial exposure establishes numerous 

elevated cytokines and chemokines in the serum as well as increased circulating 

phagocytes. 

Cohoused mice demonstrate increased resistance to Listeria monocytogenes infection.  

Previous data showed cohoused B6 and pet store mice display an increased ability 

to clear a systemic infection by virulent Listeria monocytogenes (LM) – a common 

bacteria used to assess immune fitness in laboratory mice – at day 3 post-infection 

relative to SPF B6 mice[50]. While the mechanism of enhanced LM protection was 

undefined, it is possible LM fails to establish infection in the cohoused mice because the 

increased circulating monocytes and neutrophils in these mice could mediate very early 

resistance similar to that shown following murine gammaherpesvirus 68 infection[215]. 

To more fully define LM resistance after cohousing, we measured the bacterial burden at 

early timepoints post-challenge. Both SPF and cohoused B6 mice had similar LM 

burdens in the spleen and liver during the first 8 hours after infection, suggesting the 

initial establishment of bacterial infection was not impacted by cohousing (Figure 4-5A). 

While the early bacterial burden was not different, cohoused B6 mice more rapidly and 

effectively controlled the LM infection. The cohoused B6 mice began to show signs of 

controlling LM in the liver at 24 hours post-infection. However, 72 hours were needed to 

observe a significant decrease in LM burdens in the spleens of cohoused mice. By this 
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timepoint, bacterial loads reached 5190- and 3704-fold lower than SPF B6 mice in the 

spleens and livers, respectively. 

IFNγ plays an important role in the response to intracellular bacteria and effective 

clearing of LM[216,217]. Because basal IFNγ levels are elevated in cohoused B6 mice 

(Figure 4-1B), we next examined the cellular source of IFNγ before and after LM 

infection. We saw a significant increase in the frequency and number of IFNγ-producing 

cells in the spleen of cohoused B6 mice before and 24 hours after LM infection (Figure 4-

5B). In particular, IFNγ-producing CD4 and CD8 T cells were increased in cohoused 

mice 24 hours post LM infection (Figures 4-5C and 4-5D). The increase was not 

ubiquitous, as IFNγ-producing NK cells, a well-established early producer of IFNγ 

during LM infection, were not elevated in cohoused mice after LM infection (Figure 4-

5E). Surprisingly, despite the increased frequency of IFNγ+ cells in the spleen, the 

amount of IFNγ detectable in the serum of LM-infected cohoused mice remained 

constant throughout the 72 hours after infection (Figure 4-5F). In contrast, there was a 

rapid and robust increase in serum IFNγ of LM-infected SPF mice. As a result, SPF mice 

had ~100X more IFNγ in the serum 24 hours after systemic virulent LM infection than 

measured in cohoused mice. A similar trend was seen for TNF and IL-6 (Figure 4-5F). 

Moreover, the overall serum cytokine/chemokine milieu detected in SPF mice was 

markedly different 24 hours after LM infection (Figure 4-5G). There was little change, in 

contrast, seen in cohoused mice when comparing serum cytokine/chemokine levels 

before and 24 hours after LM infection. Whether these observations are influenced by 

increased amounts of cytokine produced in the tissues (as opposed to the circulation) in 
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cohoused mice remains to be determined. Collectively, the data in Figure 4-5 show that 

cohoused B6 mice exhibit enhanced resistance to LM infection compared to SPF mice 

with remarkably stable, yet heightened, circulating cytokine/chemokine levels. 

Cohoused B6 Mice Exhibit an Exacerbated Cytokine Response and Increased Mortality 

to CLP-Induced Polymicrobial Sepsis 

The data obtained from SPF and cohoused B6 mice after Listeria monocytogenes 

infection, as well as previous data following parasitic infections, suggest that a host with 

significant microbial exposure can deal with subsequent infections more efficiently[50]. 

However, the duration, magnitude, and impact of an inflammatory response is pathogen 

dependent[218], and we reasoned the acute response in SPF and cohoused B6 mice could 

be similarly influenced by the infecting pathogen(s). To further explore how cohoused 

mice respond to newly acquired infections, we evaluated the acute response to a systemic 

polymicrobial infection by gut commensals generated using the CLP model of sepsis[47]. 

One feature of the CLP model is the ability to modulate the severity of 

inflammation and mortality based on the amount of cecum ligated and the number and/or 

size of punctures[47]. Our version of the CLP model induces a septic state in SPF B6 

mice defined by modest weight loss that recovers by day 7 post-surgery and ∼20% acute 

mortality[62,153,161,219], which is consistent with clinical rates (Figures 4-6A and 4-6B 

)[119]. Interestingly, cohoused mice exhibited significantly increased mortality (∼75%) 

compared to SPF mice (∼20%) following CLP. Cohoused mice that survived also took 

longer to regain the weight lost following CLP surgery. The physiological microbial 

exposure during cohousing alters the cecal microbiome, and this may cause exacerbated 
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microbial release following CLP surgery; however, there was no difference in bacteremia 

24 h post-CLP (Figure 4-6C). Both SPF and cohoused B6 mice had similarly significant 

reductions in numbers of CD4 and CD8 T cells in the blood by 2 days after CLP-induced 

sepsis (compared to pre-CLP numbers) that recovered within 1 week (Figure 4-6D), 

suggesting the increased morbidity and mortality in the cohoused mice was not caused by 

a substantial deviation in the characteristic acute lymphopenia during CLP-induced 

sepsis[12,13,29–31,62,64,65,103,117,118,147,161,220]. 

The acute hyperinflammatory response during sepsis induces a variety of 

pathophysiological events (e.g., fever, shock, vasodilation, and organ failure) stemming 

from the rapid and robust production of multiple pro-inflammatory cytokines that must be 

controlled to prevent an unbridled response and death[98]. The early cytokine storm is 

likely due to an innate response by a variety of cells within the immune system to 

multiple pathogen-associated molecular patterns (PAMPs) expressed by the invading 

microbe(s), as well as the damage-associated molecular patterns (DAMPs) released from 

dying cells[221]. Consistent with our recent data[118], a transient but relatively modest 

spike in serum IFNγ was detected in SPF B6 mice after CLP surgery (Figure 4-6E). This 

was also observed for IL-1β, IL-6, and TNF—cytokines of crucial importance to sepsis 

pathophysiology[221]—as well as several other cytokines and chemokines (Figure 4-6F). 

In striking contrast to what we saw in the Listeria monocytogenes-infected cohoused 

mice, the magnitude of this response was markedly increased in cohoused mice subjected 

to CLP surgery (Figures 4-6E and 4-6F). The exacerbated cytokine storm observed in 

cohoused mice following CLP surgery, which correlated with the increased morbidity 
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and acute mortality, contrasted to a muted cytokine response and improved bacterial 

clearance in Listeria monocytogenes-infected cohoused mice (Figure 4-5). 

Cohousing of Mice Alters Gut Microbiome Composition 

Given the established role for the composition of the gut microbiota in human 

health and the host resistance to infection[222], we sought to characterize the changes to 

the microbiome that occur during the cohousing process. Across SPF, cohoused, and pet 

store mice, a mean Good’s coverage of 99.1% ± 0.1% was observed, with a range from 

224 to 660 operational taxonomic units (OTUs) identified in individual samples. No 

differences in alpha diversity parameters were observed due to origin or cohousing 

(Figure 4-7A; p = 0.905 and 0.196 for Shannon and Abundance-based Coverage [ACE] 

indices, respectively). The predominant phyla in all fecal communities were 

Bacteroidetes and Firmicutes, and the relative ratios between these did not differ among 

groups (Figure 4-7B). The relative abundances of Proteobacteria were, however, 

significantly greater in pet store and cohoused communities compared to SPF (post hoc p 

≤ 0.006), while SPF communities had greater abundances of Verrucomicrobia (p ≤ 

0.014). Some studies suggest Proteobacteria may increase the risk of bacterial 

translocation and sepsis[223]. At the genus level, communities predominantly comprised 

Barnesiella, Bacteroides, Prevotella, and Lactobacillus (Figure 4-7B). Communities from 

SPF mice had significantly greater relative abundances of Barnesiella and Alistipes than 

cohoused or pet store mice (post hoc p = 0.019 and p ≤ 0.006, respectively). In contrast, 

cohoused and pet store mice communities had significantly greater abundances of 

Bacteroides, Phocaeicola (phylum Bacteroidetes), and Parabacteroides (p ≤ 0.038, p ≤ 
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0.026, and p ≤ 0.039, respectively). Overall, bacterial communities were significantly 

different in SPF mice compared to cohoused and pet store mice (Figure 4-7C; ANOSIM 

R = 0.883 and 0.952, p < 0.001), but cohoused and pet store mouse communities were 

similar (ANOSIM R = 0.135, p = 0.033, at Bonferroni-correct α = 0.017). SourceTracker 

analysis revealed a significantly greater similarity to pet store mouse communities than 

SPF communities (p < 0.0001) among cohoused mice (Figure 4-7D). Lastly, cecal 

contents from SPF and cohoused mice were applied to a TLR4 reporter cell line (HEK-

Blue hTLR4) to assay the ability of the differing microbial communities to stimulate this 

innate pattern-recognition receptor. While there was no increase in abundance of gram-

negative bacteria in the cohoused mice compared to SPF (p = 0.441), the cecal contents 

from cohoused mice did display a significantly higher ability to stimulate TLR4, 

compared to the SPF cecal contents (Figure 4-7E), suggesting an increased endotoxin 

content in the cohoused cecal material. Thus, the composition of the microbiome 

following cohousing was differentially able to activate the immune system. 

Our data show cohousing SPF laboratory mice with pet store mice skews the 

composition and maturational status of the host immune system, but it also leads to a 

shifting of microbial communities in the gut. To assay the relative contribution of these 

changes toward the heightened sensitivity of cohoused mice to sepsis, we isolated the 

cecal contents from either SPF or cohoused mice and directly injected them into new 

hosts to induce an intraperitoneal polymicrobial infection (Figure 4-7F). Injection of 

cohoused cecal contents resulted in higher mortality compared to SPF cecal contents 

when transferred to both SPF and cohoused recipients (Figure 4-7G), suggesting the 



102 
 

composition of cohoused mice microbiota induces a more severe septic shock. However, 

the microbial composition does not solely explain the differences between SPF and 

cohoused mice. Injection of SPF cecal slurry into cohoused recipients resulted in elevated 

IL-1β, IFNγ, and TNF 6 h post-transfer, compared to SPF cecal slurry into SPF recipients 

(Figures 4-7H and 4-8). Our earlier results illustrate that cohoused mice have elevated 

serum cytokine levels prior to challenge (Figure 4-1). Importantly, following the cecal 

slurry transfer, IL-1β, IL-6, IFNγ, and TNF were each increased significantly over their 

baseline levels in both cohoused and SPF recipients (Figure 4-8A). Thus, the differences 

in cytokine levels following the cecal slurry injection between SPF and cohoused hosts 

cannot simply be attributed to elevated baseline levels. Similar results were observed 

when injecting a cohoused cecal slurry into SPF and cohoused recipients, with increased 

cytokine production in cohoused recipients compared to SPF recipients. 

Thus, microbial transfer through cohousing results in an increased sensitivity to 

sepsis even when the cecal transfer is normalized between the two groups. These results 

suggest that while the makeup of the gut microbiome does contribute to the severity of 

sepsis, maturation of the immune system also plays a major role in determining the 

cytokine response and disease outcome. 

Increased Prevalence of TLR2+ and TLR4+ Immune Cells after Normalizing Microbial 

Exposure 

The findings presented in Figure 4-7 suggest there were contributions of both the 

cecal microbiota and the immunological experience of the mice in dictating susceptibility 

to sepsis, complicating interpretation. Hence, we moved to models that measured the 
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response to isolated TLR agonists. TLRs are important pattern-recognition receptors for 

recognizing bacterial and viral pathogens to mobilize the innate immune response during 

infection[224,225]. Triacylated and diacylated lipopeptides found in gram-positive 

bacteria such as Listeria monocytogenes are recognized by TLR2/TLR1 and TLR2/TLR6 

heterodimers, respectively[226–229]. TLR4 recognizes LPS present in the cell walls of 

gram-negative bacteria, and both TLR2 and TLR4 have been implicated in inducing 

septic shock[230–232]. These surface receptors are primarily expressed by circulating 

innate immune cells (especially phagocytes) and serve to activate the primary immune 

response[233]. A qPCR analysis of splenic adherent myeloid cells revealed elevated 

transcription for multiple components of both the TLR2 and TLR4 signaling pathways in 

cohoused mice relative to SPF mice[203,204]. Both Tlr2 and Tlr4 transcripts, but not 

other TLRs, were upregulated in cohoused mice compared to SPF mice (Figure 4-9A). 

Additionally, mRNA for CD14, a co-receptor for TLR4 binding to LPS, as well as the 

downstream signaling adaptor MyD88, were elevated in the splenic phagocytes following 

cohousing. These data provide more evidence to suggest cohousing alters the ability of 

the immune system to recognize and respond to pathogens. 

Given the increased frequency and number of circulating monocytes and 

neutrophils after cohousing (Figure 4-3B), we examined blood cells from SPF and 

cohoused mice for TLR2 and TLR4 expression as a potential mediator of increased 

pathogen responsiveness in the cohoused mice. Indeed, cohoused B6 and pet store mice 

have an increased frequency and total number of TLR2+ and TLR4+ cells circulating in 

the blood, compared to SPF B6 mice (Figure 4-9B), but no change in the expression 
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levels of TLR2 or TLR4 as measured by mean fluorescence intensity (MFI; Figures 4-9B 

and 4-10). The frequency of circulating CD14+ cells is also elevated in cohoused B6 and 

pet store mice (Figure 4-9C). Following cohousing, monocytes contribute the largest 

increase in TLR2+ (Figure 4-9D) and TLR4+ cells (Figure 4-9E), as well as a slight, but 

significant, increase in the number of TLR2+ neutrophils. Both of these cell populations 

were also numerically expanded in cohoused B6 and pet store mice (see Figures 4-3D 

and 4-3E). Interestingly, we also noted a modest but significant increase in the number of 

CD8 T cells expressing TLR4 in the cohoused B6 mice (Figure 4-9E). Thus, these data 

suggest microbial exposure augments the capacity of the immune system to recognize 

infection through increased expression of pattern-recognition receptors. 

Physiological Microbial Exposure Sensitizes Mice to TLR4, but Not to TLR2, Agonist-

Induced Sterile Inflammation 

Direct injection of live, virulent Listeria monocytogenes establishes an active 

infection. Similarly, the CLP model of sepsis relies on the disruption of the protective 

barrier maintained by the intestinal epithelium, releasing a mixture of live microbes into 

the peritoneum. Injection of the endotoxin LPS is another common model of sepsis, 

which instead induces a sterile inflammation that mimics the activation of the innate 

immune system during a septic event[234]. In contrast to plentiful data obtained from 

LPS endotoxemia models, there is little information regarding the sterile inflammatory 

response to a purified TLR2 agonist. With the increase in TLR2+ and TLR4+ immune 

cells (especially monocytes and neutrophils) in mice after physiological microbial 

exposure, we were interested to see the effect of purified TLR2 or TLR4 agonist 
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challenge in SPF and cohoused B6 mice. Similar to the data obtained with CLP-induced 

polymicrobial sepsis, cohoused B6 mice demonstrated an increased susceptibility to LPS 

challenge and succumbed rapidly to doses (10 and 5 mg/kg intravenous [i.v.]) that were 

tolerated by SPF mice (Figure 4-11A). Examination of the serum after LPS 

administration found a rapid increase in IL-6 and IFNγ in both SPF and cohoused B6 

mice, but the amount was significantly higher in cohoused B6 mice (Figure 4-11B). This 

effect was dose dependent, and titration of LPS to 5 mg/kg and 1 mg/kg i.v. reduced 

cytokine production after challenge. Interestingly, while all SPF and cohoused mice 

survived after a 1-mg/kg i.v. LPS challenge, there was still an increase in cytokine 

production at 6 h in cohoused B6 mice relative to B6 SPF (Figure 4-11C). These data 

show that similar to the live polymicrobial infection seen during CLP, cohoused mice 

robustly respond to the LPS challenge with rapid pro-inflammatory cytokine production 

and increased mortality. In contrast to the LPS challenge, injection of the TLR2/TLR1 

agonist Pam3CSK4 (10 mg/kg i.v.) was well tolerated in both SPF and cohoused B6 mice 

(Figure 4-11D). Analysis of the global inflammatory response 6 h after the Pam3CSK4 

challenge did reveal some cytokines (e.g., IL-1β, IL-10, IL-15/IL-15R, IL-17A, IL-18, 

and IL-28) and chemokines (e.g., CCL5, CCL7, CXCL5, and CXCL10) that were 

elevated in the cohoused mice (Figure 4-11F), but SPF mice had higher amounts of IL-6 

and IFNγ in the serum than did cohoused mice (Figure 4-11E), much like what we saw in 

the Listeria monocytogenes-infected mice (see Figure 4-5F). We also find that the TLR3 

agonist poly I:C (10 mg/kg i.v.) induces elevated IL-6 and IFNγ in cohoused mice, but 

the adjuvant was well tolerated by both SPF and cohoused hosts (data not shown). 

Collectively, these data (when combined with the data in Figure 4-9) suggest the 
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increased presence of TLR-expressing immune cells following physiological microbial 

exposure affects the composition and magnitude of an inflammatory response to 

systemically administered TLR agonists. However, there is also differential 

responsiveness, such that the TLR2 ligands induce somewhat muted cytokine responses, 

whereas TLR4 ligands induce dramatic increases in systemic pro-inflammatory 

cytokines. These distinct responses to TLR stimulation may explain the different 

responses of cohoused mice to Listeria monocytogenes and sepsis, which are major 

drivers of TLR2 and TLR4, respectively. 

IV. Discussion 

Animals (including humans) are exposed to commensal and pathogenic microbes 

throughout their lives, and this physiological microbial exposure has a profound impact 

on immune competency and overall health[235]. The use of laboratory mice housed 

under SPF conditions in the vast majority of immunology research has been an important 

step to improve experimental consistency, but these unusually clean living conditions 

have inadvertently left the laboratory mice with an underdeveloped immune system—far 

different from the immune system found in adult humans. The recent description of a 

mouse model of physiological microbial exposure introduced the important effects of the 

environment on the basal immune state[50]. The data presented herein have extended 

those initial findings to demonstrate that microbial exposure alters the inflammatory state 

of the immune system. Former SPF laboratory mice develop elevated profiles of 

numerous inflammatory cytokines after microbial transfer through cohousing with 

outbred pet store mice. In addition, the cellular composition of the immune system is 
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altered after cohousing to favor increased circulating monocytes and neutrophils 

expressing TLRs. These changes dramatically altered the responsiveness to future 

unrelated immune challenges. Intriguingly, the nature of the specific challenge 

determines whether previous microbial exposure enhances or inhibits effective immune 

function, pathogen clearance, and ultimately survival of the host. Specifically, cohoused 

mice demonstrate enhanced bacterial clearance after Listeria monocytogenes infection 

but are more susceptible to death from polymicrobial sepsis and LPS. 

Recent studies have drawn attention to the idea that the innate immune system is 

capable of forming long-term memory in response to stimulation. Mechanisms of this 

altered responsiveness, or “trained immunity,” include changes in expression of 

pathogen-sensing receptors, signaling proteins, and innate cell numbers[236,237]. In the 

cohoused mouse model, laboratory mice are exposed to a variety of viral, bacterial, and 

parasitic microbes, resulting in the activation of innate immune cells through pattern-

recognition receptors. Signaling through pattern-recognition receptors induces stable 

changes in histone methylation[238]. Here, we demonstrate that following cohousing, the 

“trained” immune system contains increased numbers of TLR2- and TLR4-expressing 

cells. Furthermore, transcriptional studies by Beura et al. (2016) identified elevated 

Myd88 mRNA transcripts in cohoused mice, a critical downstream signaling component 

utilized by most TLRs, including TLR2 and TLR4[224,225,233,237]. We confirm that 

Myd88 is elevated in cohoused mice (Figure 4-9A) and also show elevated CD14 

expression (Figure 4-9C). Thus, innate stimulation through pattern-recognition receptors 

can be regulated through prior microbial experience to unrelated organisms. The benefit 
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of these changes is illustrated through enhanced host protection to Listeria 

monocytogenes, but at the cost of increased sensitivity to cytokine storms during 

polymicrobial sepsis, leading to poorer survival rates. Further studies are required to 

understand the full landscape of innate changes induced through cohousing and how they 

potentially synergize to shape the responsiveness to future challenges. 

TLR expression on immune cells present in neonatal cord blood is reduced 

relative to adult blood[239,240]. Furthermore, neonatal T cells and monocytes have a 

reduced functional capacity to produce cytokines following stimulation[241,242], and the 

ability of immune cells obtained from infants to produce IFNγ, TNFα, IL-2, and IL-4 is 

significantly reduced compared to cells from adults[243]. Neonatal blood monocytes are 

reduced in number compared to adults, and they are less responsive to TLR4 stimulation. 

This work goes on to demonstrate that neonatal cord blood exposed to malaria in utero 

causes an elevation in circulating monocytes and responsiveness to TLR4 agonist 

stimulation. These differences in TLR expression between neonatal and adult humans are 

consistent with our findings, as we noted substantial increases in the frequency of 

circulating TLR2+ and TLR4+ cells in cohoused mice (see Figure 4-9) but, intriguingly, 

not other TLRs (Figure 4-9A). Thus, our study provides additional rationale for using the 

cohoused murine system to identify the extent that microbial exposure contributes to age-

associated differences in the immune system. One hypothesis for the correlation among 

increasing age, elevation in serum cytokines, and TLR expression (especially in humans) 

is the increase in microbial exposure through vaccination and natural infection. The 

cohousing model offers an appealing and unique opportunity to study the impact of 
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physiological microbial exposure on the immune system in a manner that complements 

studies using neonatal cord blood and adult human blood. 

Cohoused mice are able to more rapidly clear Listeria monocytogenes infection 

than SPF mice (Figure 4-5A)[50]. Our data show SPF and cohoused mice had similar 

bacterial burdens in both the liver and spleen at 8 h after Listeria monocytogenes 

infection. It was not until 48–72 h post-infection that a reduction in pathogen burden 

became apparent in the cohoused mice. We observed increased IFNγ production, 

particularly from CD4+ and CD8+ T cells, after cohousing. Interestingly, the number of 

NK cells did not increase in cohoused mice (Figure 4-3G), and they were not elevated in 

their production of IFNγ (Figure 4-5E) as might be expected following immune 

“training”[237]. Whether this is an indication that specific pathogens are required to train 

NK cells will require further study. However, since memory T cells can make IFNγ in 

response to early inflammatory cues in an antigen-independent manner, it is possible that 

the elevated numbers of antigen-experienced T cells in cohoused mice could lead to 

improved clearance of Listeria monocytogenes and other intracellular 

bacteria[217,244,245]. These data indicate that the enhanced adaptive immune response 

may be stimulated via increased TLR expression following microbial exposure. TLR 

stimulation alerts the host to respond to infectious challenges and recruits T cells to the 

site of the infection through inflammatory signals[246]. In humans and mice, prior 

infectious experience can regulate TLR expression and overall immune responsiveness. 

Humans infected with Plasmodium have increased responsiveness to TLR agonists[247]. 

TLR expression increases in a feedback loop where IFNγ production enhances TLR 
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expression and allows the host to more effectively respond to future infectious 

challenges[248]. This increased responsiveness reveals a “double-edged sword” seen in 

our cohoused model system, where the host can respond more effectively to TLR2-

triggering bacterial infections but is also at a higher risk of pathology from hyper-reactive 

cytokine responses to TLR4 ligands. We found increased IFNγ-producing cells in the 

blood 24 h after virulent Listeria monocytogenes infection of cohoused mice. 

Unexpectedly, the amount of IFNγ and a number of other inflammatory cytokines in the 

serum was relatively unchanged following Listeria monocytogenes infection of cohoused 

mice, though they were markedly elevated in SPF mice. One potential explanation for the 

reduced numbers of circulating cytokines in the Listeria monocytogenes-infected 

cohoused mice is that memory T cells and “trained” innate cells may be rapidly absorbing 

the cytokines as they are being produced to facilitate their increased function. 

In striking contrast to Listeria monocytogenes infection, CLP-induced 

polymicrobial sepsis results in a dramatic increase in pro-inflammatory cytokines and 

chemokines in cohoused mice relative to their SPF counterparts. For example, there were 

exceedingly high amounts of IL-6 (>20,000 pg/ml at 6 h post-CLP) in the serum of 

cohoused mice after CLP surgery. Previous reports have highlighted the predictive nature 

of circulating IL-6 levels (i.e., increased mortality with increased IL-6) in regard to 

mortality in preclinical and clinical settings[116,249,250]. Similar correlations between 

the amount of IL-1β and TNF and survival have also been made, prompting the clinical 

testing of various strategies for neutralizing IL-1β and TNF activity[251]. Use of the CLP 

model has led to a vast expansion of knowledge regarding the intricate changes within the 
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immune system following a septic event. Recent clinical data using agents (e.g., IL-7 and 

anti-PD-1 mAb) to manipulate the number and responsiveness of immune cells in sepsis 

survivors highlight the importance of preclinical experimentation, but the success of these 

new approaches is atypical[70,252–256]. Over 100 agents (many targeting cytokines) 

with preclinical efficacy in mouse models of sepsis have been unsuccessful in 

humans[257]; it is tempting to speculate that the exclusive use of SPF mice in previous 

preclinical studies may have underestimated the severity of the cytokine response 

following CLP surgery. 

Laboratory mice cohoused with pet store mice not only encounter numerous 

different pathogenic infections, but also develop changes to the microbiome. The link 

between microbiome composition and immune status has been increasingly appreciated 

in the past decade. Immune cell interactions with the diverse components of the 

microbiome are critical for the development of a healthy immune system[258]. Dysbiosis 

of a healthy microbiome results in aberrant immune responses and susceptibility to both 

autoimmunity and inflammatory diseases[259]. Our cohousing experiments demonstrate 

that the gut microbial contents contribute to the heightened immune response of cohoused 

mice during sepsis. Cohoused cecal contents injected into the peritoneum of SPF mice 

induced a more robust cytokine storm, compared to that seen in SPF mice injected with 

SPF cecal contents. However, our data suggest the gut contents do not fully explain the 

phenotype, as cohoused recipients displayed an exacerbated cytokine response after 

injection of either SPF or cohoused cecal slurries. Additional studies are needed to 
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evaluate how pathogen exposure and variations in commensal microbes influence the 

maturation and function of the immune system to future infections. 

Additionally, we noted similar increases in pro-inflammatory cytokines and 

increased mortality after exposing cohoused mice to LPS—a potent TLR4 stimulant that 

induces sterile inflammation. Bolus injection of endotoxin (LPS) is considered a model of 

sepsis, mostly because of the rapid activation of the innate immune system[260]. Despite 

having a number of similarities to CLP-induced sepsis (e.g., lethargy, piloerection, and 

acute leukopenia), there are also a number of important differences, such as the kinetics 

and magnitude of proinflammatory cytokine (IL-6, TNF) production[234]. Another 

criticism of LPS endotoxemia as a model of sepsis was based on data suggesting humans 

to be significantly more sensitive to the effects of the LPS challenge compared to 

mice[261]. As expected, this conclusion came (in part) from experiments comparing the 

responsiveness of cells from the blood of adult humans and SPF mice. As now evidenced 

by data presented herein and previously[50], there are distinct phenotypic and 

transcriptomic changes within the cells of the immune systems of SPF and cohoused 

mice that indicate their resemblance to the immune systems of neonate and adult humans, 

respectively. It stands to reason that the conclusions drawn by Warren et al. (2010) may 

be the result of comparing the response of the naive, neonate-like immune system of SPF 

mice to that of the matured, microbially experienced immune system of adult humans. 

We posit that the differences noted between mice and humans may be more complex than 

simply a “species-specific” difference, and the underappreciated extent of physiological 

microbial exposure may have played a more significant role. 
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In conclusion, we find that mice with normal physiologic exposure to microbes 

exhibit increased serum cytokine levels and circulating phagocytes, in addition to 

phenotypic conversion of the CD4 and CD8 T cell compartments. These changes in the 

basal state of the immune system, however, do not lead to a “blanket” improvement in 

immunity. Instead, depending on the nature of the immune insult, previous immune 

history is either beneficial (as in the case of the Listeria monocytogenes challenge) or 

detrimental (as in the case of CLP-induced sepsis). This conclusion differs slightly from 

previous studies, which have thus far shown improved immune responses after diverse 

microbial exposure[50,198,262]. The data presented herein suggest that the cumulative 

microbial exposure of the host defines the expression and differing activation state of 

individual pattern-recognition receptors. Thus, we cannot exclude the possibility that the 

more robust immunity acquired via exposure to numerous pathogens could decrease the 

incidence of sepsis by rapidly controlling pathogens acquired by normal routes of 

infection—even though our data with cohoused mice clearly develop increased severity 

of experimental sepsis in the CLP and LPS models. Using the cohousing system, future 

studies can be designed to differentiate the specific traits influenced by microbial 

exposure and show how to generate an optimal immune response that minimizes the 

chances for immunopathology. Applying this cohousing system to diseases that, to date, 

have been poorly modeled in mice may open new opportunities in preclinical research. 
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V. Figures 

 
Figure 4-1. Physiological microbial 
exposure creates a more inflammatory 
host environment. A. Representative 
serology from specific pathogen free (SPF) 
B6, cohoused (CoH) B6, and pet store mice 
detecting the extent of pathogen exposure. 
Filled squares indicate a positive serology 
result for the indicated pathogen. Each 
column represents an individual mouse. 
Data are representative of at least 20 
independent serology tests conducted. B-C. 
Serum was collected from SPF B6, 
cohoused B6, and pet store mice after 60 d. 
The concentration of cytokines and 
chemokines was determined by bioplex. B. 
The number of mice with detectable IL-1β, 

IL-6, IFNγ, and TNF in the serum are indicated for the SPF group. C. Radar plot 
comparing the basal serum concentrations of indicated cytokines and chemokines in SPF 
B6, cohoused B6, and pet store mice. For statistical comparisons, SPF mice with 
undetectable cytokines were given a value of “0”. 10-36 mice/group (pooled from 3 
technical replicates) were analyzed in B-C. * Refers to statistical differences in the 
response of cohoused and pet store mice relative to SPF.  * p < 0.05, ** p < 0.01, *** p < 
0.005, **** p < 0.001, n.d. – none detected. See also Figure 4-2. 
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Figure 4-2. Cohousing SPF B6 mice with pet store mice alters serum cytokine and 
chemokine levels. Related to Figure 4-1. Serum was collected from SPF B6, cohoused 
(CoH) B6, and pet store mice after 60 d. The level of cytokines and chemokines was 
determined using bioplex. The number of mice with detectable cytokines in the serum are 
indicated for the SPF group. For statistical comparisons, SPF mice with undetectable 
cytokines were given a value of “0”. 10- 36 mice/group (pooled from 3 technical 
replicates) were analyzed. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001, n.d. – 
none detected. 
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Figure 4-3. Cohoused mice have altered circulating immune cell composition. A. 
Total circulating immune cell counts from the blood of SPF B6, cohoused (CoH) B6, and 
pet store mice were determined by flow cytometry. B-F. Frequency and number (cells/ml 
blood) of B) CD4 T cells, C) CD8 T cells, D) Monocytes, E) Neutrophils, F) B cells, and 
G) NK cells. 10 mice/group were analyzed, and data are representative of 3 technical 
replicates. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. See also Figure 4-4. 
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Figure 4-4. Cohoused mice have elevated frequency of antigen-experienced CD4 and 
CD8 T cells. Related to Figure 4-3. The frequency of CD44hi, CD62L+, and KLRG1+ 
CD4+ and CD8+ T cells was determined in the blood of SPF B6, cohoused (CoH) B6, and 
pet store mice was determined after 60 d. 10-24 mice/group pooled from 2 technical 
replicates. *** p < 0.005, **** p < 0.001. 
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Figure 4-5. Cohoused mice are more ‘immune fit’ than SPF mice in response to 
virulent Listeria infection. SPF and cohoused (CoH) B6 mice were infected with 
virulent L. monocytogenes (LM; 8 x 104 CFU i.v.). A. Bacterial burden in the spleen and 
liver was determined after 8, 24, 48, and 72 hours. 7-17 mice/group/time point, pooled 
from >2 technical replicates. B-E. The frequency and number of IFNγ-producing cells in 
the spleen before and 24 hours after LM infection were quantified by intracellular 
cytokine staining flow cytometry. IFNγ-producing B) total cells, C) CD4 T cells, D) CD8 
T cells, and E) NK cells were identified. 4-7 mice/group/time point, pooled from two 
technical replicates. *p < 0.05, **p < 0.01, *** p < 0.005. F. Serum samples from SPF or 
cohoused B6 mice were obtained at indicated hours after virulent LM infection. The 
amount of IL-1β, IL-6, IFNγ, and TNF in the serum was determined by bioplex. 4-7 
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mice/group/time point. * p < 0.05, ** p < 0.01, *** p < 0.005 for SPF vs. cohoused mice 
at the indicated time points. G. Additional serum cytokine and chemokine levels in SPF 
(black lines) and cohoused (green lines) B6 mice were determined prior to (dotted lines) 
and 24 hours post-LM infection (solid lines). No line for given a cytokine indicates levels 
were below the limit of detection. Data in F and G are representative from two technical 
replicates. 
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Figure 4-6. Increased morbidity/mortality in CLP-treated cohoused mice correlates 
with an exacerbated ‘cytokine storm’. SPF and cohoused (CoH) B6 mice underwent 
sham or CLP surgery. Weight loss (A) and survival (B) were monitored over time. 8-17 
mice/group, pooled from 2 technical replicates. ** p < 0.01, *** p < 0.005, **** p < 
0.001. C. Bacterial CFU in blood at 24 hours post CLP procedure was quantified in SPF 
and cohoused B6 mice. 9 mice/group, representative of 2 technical replicates. D. The 
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number of total immune cells, CD4+ T cells, CD8+ T cells, CD44+ CD4+ T cell, and 
CD44+ CD8+ T cells per µl blood were determined before (day 0) and after (days 2 and 6) 
sham/CLP surgery. 5-7 mice/group, representative of 3 technical replicates. E. Serum 
samples from sham- or CLP-treated SPF or CoH B6 mice were obtained at indicated 
hours after surgery. The amount of IL-1β, IL-6, IFNγ, and TNF in samples was 
determined by bioplex. F. Additional cytokines and chemokines in the serum 6 hours 
post-surgery were quantified by bioplex. Data in E and F consist of 4-7 mice/group/time 
point and are representative of 3 technical replicates. ** p < 0.01, *** p < 0.005, **** p 
< 0.001 for SPF - CLP vs. cohoused - CLP at the indicated time points. 
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Figure 4-7. Characterization of the microbiome in cohoused mice. A. Mean alpha 
diversity indices (± S.E.) in mouse fecal samples. Shannon and ACE indices are shown 
on the left and right, respectively. n = 5 SPF, 11 cohoused (CoH), and 10 pet store 
samples. B. Distributions of abundant phyla and genera in mouse fecal samples. Less 
abundant genera accounted for a mean of ≤2.2 % of the community, among all samples. 
C. PCoA of Bray-Curtis distances (r2 = 0.47). The five most abundant genera were 
correlated with axes position, where positioning near sample groups indicates greater 
relative abundance of that genus. D. Similarity of cohoused B6 mice to SPF B6 and pet 
store mice, determined by SourceTracker. E. Cecal contents from SPF or CoH B6 mice 
(n = 5 of each) were cultured with the TLR4 reporter cell line, HEK-Blue hTLR4. TLR4 
activation was quantified after 24 hours with indicated concentration of cecal material. 
Data is representative of 3 technical replicates. F. Cecal contents were harvested from 
SPF or CoH B6 donor mice to challenge recipient mice in the following combinations: S-
S, SPF cecal slurry transferred to SPF recipients (n = 14); S-C, SPF cecal slurry 
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transferred to cohoused recipients (n = 6); C-S, cohoused cecal slurry transferred to SPF 
recipients (n = 14); and C-C, cohoused cecal slurry transferred to cohoused recipients (n 
= 6). G. Survival curve of mice after i.p. injection with 0.75 mg/g body weight of cecal 
slurry as indicated in (F). H. Serum cytokine levels 6 hours post-cecal slurry injection 
was determined by bioplex. Data in G and H are pooled from 2 technical replicates. * p < 
0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. See also Figure 4-8. 
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Figure 4-8. Intraperitoneal cecal slurry injection into SPF and cohoused B6 
recipient mice. Related to Figure 4-7. A. Baseline serum cytokine levels for mice used in 
Figure 4-7F-H for IL-1β, IL-6, IFNγ, and TNF. Fold increase 6 hours post cecal injection 
over baseline levels for IL-1β, IL-6, IFNγ, and TNF was calculated for cohoused 
recipients. SPF mice not calculated because baseline serum cytokine levels were below 
detection threshold. B. Survival curve following injection of 0.5 mg/g body weight cecal 
slurry as outlined in Figure 4-7F. Cecal slurry was harvested from SPF or cohoused 
donors to challenge recipient mice with varying combinations of host exposure and cecal 
slurry type. S-S, SPF cecal slurry transferred to SPF host; S-C, SPF cecal slurry 
transferred to cohoused host; C-S, cohoused cecal slurry transferred to SPF host; C-C, 
cohoused cecal slurry transferred to cohoused host. IL-1β, IL-6, IFNγ, TNF serum 
cytokine levels collected 6 hours post cecal slurry injection (0.5 mg/g body weight). Data 
in A and B is pooled from 2 technical replicates, consisting of 6-14 mice/group. 
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Figure 4-9. TLR2 and TLR4 expression is increased after physiological microbial 
exposure. A. qPCR analysis of TLRs and TLR signaling pathway components in the 
adherent myeloid cells isolated from spleens of SPF (n = 5) and cohoused (CoH; n = 5) 
B6 mice. Data are representative of 2 technical replicates. B. Frequency and number of 
TLR2+ or TLR4+ cells in the blood of SPF B6, CoH B6, and pet store mice. C. Frequency 
of CD14+ cells in blood of SPF B6, CoH B6, and pet store mice. D-E. Immune subset 
quantification of TLR2 (D) and TLR4 (E) expression by CD4 T cells, CD8 T cells, NK 
cells, monocytes, and neutrophils. Data in B-E consist of 5-10 mice/group and are 
representative of 3 technical replicates. * p < 0.05, ** p < 0.01, *** p < 0.005. See also 
Figure 4-10. 
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Figure 4-10. Representative TLR2 and TLR4 expression and intensity. Related to 
Figure 4-9. A. Representative TLR2 and TLR4 staining of blood from SPF B6, cohoused 
(CoH) B6, and pet store mice. B. Mean fluorescence intensity (MFI) of TLR2+ and 
TLR4+ cells from blood of SPF B6, CoH B6, and pet store mice. 10 mice/group (pooled 
from 3 technical replicates) were analyzed.  
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Figure 4-11. Increased cytokine production in cohoused mice after LPS injection 
correlates with increased mortality. SPF and cohoused (CoH) B6 mice were injected 
with LPS (10, 5, or 1 mg/kg i.v.). A. Survival after LPS injection. B-C. Serum samples 
were obtained at indicated hours after LPS injection, and the amount of IL-6 and IFNγ 
was determined by bioplex. C. Additional cytokines and chemokines in the serum 6 hours 
post-LPS injection were quantified by bioplex. D-F. SPF and CoH B6 mice were injected 
with Pam3CSK4 (10 mg/kg i.v.). Survival was monitored, and the amounts of various 
cytokines and chemokines in the serum 6 hours post-Pam3CKS4 injection were 
quantified by bioplex. Survival data (A and D) consist of 12-21 mice/group and are 
pooled from 3 technical replicates. Cytokine data (B, C, E, and F) consist of 4-7 
mice/group/time point and are representative of 3 technical replicates. * p < 0.05, ** p < 
0.01 for SPF vs. cohoused at the indicated time points. 

  



128 
 

Chapter 5: Conclusions 

The primary focus of my thesis is identifying how sepsis alters CD4 T cell 

number and function. Specifically, I am interested in understanding how sepsis affects T 

cell-dependent B cell responses following immunization and the impact on CD4 T cell 

responses to secondary infections. Previous work from the Griffith lab has shown that 

while the total CD4 T cell population recovers numerically, the recovery of individual 

antigen-specific populations occurs asymmetrically resulting in holes in the naive T cell 

compartment[62,64]. I have investigated how this dynamic recovery might impact future 

responses to immunization, specifically T cell-dependent B cell responses and 

hypothesized that it would result in reduced class switching, Tfh-dependent somatic 

hypermutation, and affinity maturation. To test this, I immunized mice following CLP-

induced sepsis with antigen containing linked CD4 T cell and B cell epitopes and tracked 

the antigen specific cells and antibody production. My experiments demonstrate 

prolonged impairments in Tfh and B cell number and function post sepsis[31]. These 

findings suggest that patients with a history of sepsis lack the immune function to mount 

a sufficient response to vaccination and may get little benefit from typical vaccination 

protocols.  

Publications from the Griffith lab show that 2W1S-specific naive CD4 T cells are 

numerically and functionally depleted after sepsis and do not recover by 30 days post 

sepsis[62]. In contrast, OVA323-specific naive CD4 T cells are reduced in number and 

function immediately after sepsis but recover numerically and functionally by 30 days 

post CLP[62]. Compared to naïve cells, memory T cells exist at higher numbers and can 
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more rapidly respond during re-challenge[24,183]. Additionally, memory T cells are 

known to be resistant to apoptosis[183,263], prompting me to question how sepsis might 

impact the 2W1S-specific and OVA323-specific populations of memory CD4 T cells. To 

build on these findings, I infected mice with attenuated Listeria monocytogenes or 

Salmonella enterica expressing 2W1S or OVA323 to generate memory populations of 

2W1S- and OVA323-specific CD4 T cells, a majority being Th1s. Then I performed CLPs 

30 days after infection and tracked the 2W1S-specific cells. The number of 2W1S-

specific memory CD4 T cells was significantly reduced immediately after sepsis 

induction but recovered by day 14. The ability to produce effector cytokines and clear 

secondary did not recover by day 30 post sepsis. The OVA323-specific population showed 

numerical reductions at day 2 post sepsis and deficits in cytokine production as well as 

pathogen clearance. These experiments demonstrate prolonged impairments in Th1, Tfh 

and B cell responses to both primary and secondary challenges post sepsis. Additionally, 

these findings suggest that patients with a history of sepsis may get little benefit from 

vaccinations typically administered to healthy individuals and will have increased risk of 

secondary infections for which CD4 T cells are critical for pathogen control. Future 

studies could examine yearly influenza vaccination responses in sepsis survivors. 

The CLP mouse model of sepsis is commonly referred to as the “gold standard” 

of sepsis and accurately recapitulates many aspects of human sepsis. Despite being a 

widely accepted model in the field of sepsis research, key differences between laboratory 

mice and humans suffering from sepsis, including pathogen exposure and immune status, 

have limited the use of the CLP model in the development of new and effective sepsis 
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therapies. Previously it has been reported that immune experienced COH mice have 

increased numbers of total and memory CD4 and CD8 T cells and, without previous 

exposure, have improved survival compared to SPF mice when challenged with a lethal 

dose of Listeria monocytogenes[50]. I wanted to know if COH mice might have 

improved responses to sepsis and determine how physiological pathogen exposure and 

immune experience alter inflammatory responses and immune suppression after sepsis. 

To explore this question, I examined the inflammatory status of COH mice before and 

after sepsis. I found that in non-septic mice, immune experience results in elevated 

numbers of circulating monocytes, upregulation of TLR4 on monocytes, and elevated 

serum levels of various inflammatory cytokines, suggesting evidence of innate immune 

training. Following sepsis, COH mice displayed significantly elevated levels of 

inflammatory cytokines in serum and reduced survival. Using LPS challenge and the 

cecal slurry model of sepsis, our team was able to determine that the elevated 

inflammatory response and mortality observed in the COH mice was the result of both 

heightened immune activation and the pathogenicity of the COH intestinal microbiome. 

These findings shed light on the impact of pathogen exposure and innate immune training 

on inflammatory responses and immunopathology in sepsis. Further, these data suggest 

that using the COH model to study human inflammatory diseases, which historically have 

been controversially modeled in mice, may improve preclinical research and lead to the 

development of new effective therapies for sepsis and other inflammatory diseases[264–

266].  
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