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Summary 

 

 

Sepsis strikes 750,000 Americans every year with ~ 210,000 of these patients 

dying – far more than the number of deaths from prostate cancer, breast cancer, 

and AIDS combined. Some of these deaths occur during the acute, inflammatory 

stages of sepsis, but ~70% of these patients survive the initial infection, only to 

perish due to hospital-acquired infections. Most sepsis research has focused on 

understanding the acute, inflammatory stage of sepsis, but the increased 

susceptibility to secondary infections has led clinicians and researchers to 

believe that the chronic stage of sepsis is important and is characterized by 

immunosuppression.  CD4 T-cells, essential for coordinating immune responses 

to opportunistic pathogens, are severely depleted during the acute stage of 

sepsis, but gradually recover throughout the immunosuppressive phase of 

sepsis. Despite the well-characterized immune cell apoptosis during sepsis, the 

impact of sepsis on protective T-cell responses (especially CD4 T-cells) against 

secondary pathogen challenge remains poorly understood. This dissertation 

presents a previously unappreciated mechanism of CD4 T-cell impairment during 

the immunosuppressive stage of sepsis. In the present study, we have studied 

sepsis immunosuppression by using Class II major histocompatibility complex 

tetramers to track endogenous, antigen specific CD4 T-cells, in order to examine 

a hypothesis: that the uneven recovery of the Ag-specific CD4 T-cell repertoire 

contributes to the alarming rate of infections in sepsis survivors. In addition, we 

have examined the impact of enteric microbial populations in the recovery of CD4 

T-cells after sepsis. The results described present a previously unappreciated 

mechanism of CD4 T-cell impairment during the immunosuppressive stage of 

sepsis. 
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Chapter 1: The Impact of Sepsis on 
CD4 T-Cell Immunity1 
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Sepsis on CD4 T-cell Immunity, pp.767-777   
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Sepsis remains the primary cause of death from infection in hospital patients 

despite improvements in antibiotics and intensive care practices.  Patients who 

survive severe sepsis can display suppressed immune function, often manifested 

as an increased susceptibility to (and mortality from) nosocomial infections.  Not 

only is there a significant reduction in the number of various immune cell 

populations during sepsis, but decreased function in the remaining lymphocytes 

as well.  Within the immune system, CD4 T-cells are important players in the 

proper development of numerous cellular and humoral immune responses.  

Despite sufficient clinical evidence of CD4 T-cell loss in septic patients of all 

ages, the impact of sepsis on CD4 T-cell responses is not well understood.  

Recent findings suggest that CD4 T-cell impairment is a multi-pronged problem 

that results from initial sepsis-induced cell loss.  However, the subsequent 

lymphopenia-induced numerical recovery of the CD4 T-cell compartment leads to 

intrinsic alterations in phenotype and effector function, reduced repertoire 

diversity, changes in the composition of naïve Ag-specific CD4 T-cell pools, and 

changes in the representation of different CD4 T-cell subpopulations (e.g., 

increases in regulatory T-cell frequency).  This review focuses on sepsis-induced 

alterations within the CD4 T-cell compartment that influence the ability of the 

immune system to control secondary heterologous infections.  Understanding 

how sepsis affects CD4 T-cells through their numerical loss and recovery, as well 

as function, is important in the development of future treatments designed to 

restore CD4 T-cells to their pre-sepsis state. 
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I. Introduction 

Historical accounts of sepsis help to explain why this syndrome – currently 

defined as a systemic inflammatory response syndrome (SIRS) in the presence 

of a disseminated infection – remains a serious challenge to modern medicine1.  

The term “sepsis” (σηψις) is first found in relation to disease in the writings of the 

Greek physician Hippocrates (c.460-370 BC) as the reason behind the “odiferous 

biological decay of the body”, and a bad prognosis for the wound-healing process 

2.  Galen (Roman gladiatorial surgeon, 130-200 AD) would misinterpret this 

notion 500 years later 3, claiming that sepsis was essentially a good omen in 

infections (e.g., pus bonum et laudabile, or part of “healthy” and “welcomed” 

suppurations) 4.  Galen’s humoristic views about the nature of sepsis became 

medical dogma for more than 15 centuries, until the germ theory of infection 

gained acceptance and shed light on the nature and propagation of disseminated 

infections 5.  To this day, sepsis remains a poorly understood disease process 6.  

In spite of the technological leaps in critical care, overall case mortality from 

septic events is still high, ranging between 30-50% 7.  Septic causes are 

responsible for approximately 200,000 deaths per year in the U.S. 8, making it a 

leading cause of death in hospitals of the 21st century.  The elderly are a patient 

population with a high-incidence (accounting for nearly 60% of all septic cases) 

that is vulnerable to the consequences of sepsis 9, showing 100-fold higher 

mortality rates than the general population 10.  Collectively, the burden of 
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morbidity, mortality, reduced quality of life, and excessive cost of sepsis on the 

healthcare system ($14-16 billion/year 11) are clear indicators of how much of an 

unmet medical challenge this condition truly represents 12. 

Within the last 40 years, our collective knowledge regarding the 

pathophysiology of sepsis has grown exponentially.  Specifically, it has become 

clear that sepsis is not just the symptoms of a complicated infection; instead, we 

now know that sepsis is more like a “bad” immune response to a complicated 

infection 6.  In other words, sepsis represents the dysregulation of immune 

responses due to an invading pathogen and the ensuing system-wide collateral 

damage.  The crux of the sepsis mystery resides in knowing the parts of the 

immune system that remain defective after sepsis, and are ultimately detrimental 

to patients.  In this review, we will dissect how sepsis affects the recovery and 

maintenance of a diverse, functional T-cell repertoire, and we will investigate 

potential therapies that improve survival while enhancing function of T-cells early 

and late after a septic event.  Understanding these areas are crucial for the 

development and translation of potential therapies to restore immune system 

function in recovering sepsis patients. 
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II. Sepsis-induced immunopathology 

The birth of molecular immunology paved the way for the earliest 

interpretations of what happens to the immune system during/after a septic 

event.  At first, the reproducible observation of elevated inflammatory markers in 

the serum of patients, coupled with the high mortality rates, led to the idea that 

the systemic invasion of pathogens was forcing our own bodies to utilize massive 

retaliation to regain homeostasis (Figure 1-1A) 13, a phenomenon referred to as 

SIRS.  

This theory of hyper-inflammation has dictated the direction of basic and 

translational sepsis research for the last 30 years 14.  This is not surprising given 

that SIRS is a key component of septic pathophysiology.  SIRS represents the 

spillover of elevated inflammatory mediators into the circulation 15 that are 

released during the course of an immune response 16.  These mediators locally 

promote cell death and leukocyte recruitment, as well as coagulation events that 

limit the systemic spread of infection and create an uninviting environment for the 

offending pathogen 17.  When amplified systemically, the same mediators cause 

localized edema and promote neutrophil infiltration that can lead to 

cardiovascular dysfunction 18, and factors causing local thrombosis can initiate 

disseminated intravascular coagulation 11. In accordance with this “exhuberant 

immune response” model of sepsis, the vast majority of therapeutics tested in the 

1980s-90s were aimed at blocking pro-inflammatory responses 19, 20, 21, 22.  
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Unfortunately, strategies that dampen inflammation have been overwhelmingly 

ineffective in reducing mortality when tested in clinical settings 5, 23, 24. 

Perhaps the most important contributor to re-evaluating the immuno-

pathophysiological mechanisms of sepsis was Roger Bone 25, who in the light of 

numerous therapeutic failures noted several phenomena that were not consistent 

with the traditional “exuberant inflammation” model of sepsis.  Bone noticed that 

most patients would survive the SIRS phase with adequate supportive care and 

the “cytokine storm” would eventually subside, but mortality remained elevated 

long after a septic episode resolved.  There was also clear evidence of anti-

inflammatory cytokines circulating during sepsis, including IL-4, IL-10, TGF-β, 

and colony stimulating factors 26.  In addition, he observed that apoptotic cell 

death seemed to be present in sepsis in a variety of cell types, including 

lymphocytes.  These largely ignored pieces of the sepsis puzzle led to Bone’s 

postulate that a large population of patients surviving the early events of sepsis 

would enter into an immunological state characterized by hypo-inflammation and 

immunosuppression, which he termed a compensatory anti-inflammatory 

response syndrome (CARS) 25.  More recent evidence suggests that SIRS and 

CARS are interdependent and concurrent during the course of sepsis 27 (Figure 

1-1B).  Indeed we now know that a sizeable number of patients surviving the 

early events of sepsis enter into an immunological state characterized by T-cell 

exhaustion, unresolved infection, and defective antigen presentation 28.  It is also 
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becoming clear that apoptosis of lymphoid and nonlymphoid tissue 29, 30 and 

suppression of lymphocyte responses after the acute phase events 31 is of 

paramount importance to the protracted course and infectious complications 

often seen in septic patients 32. 

 

III. Apoptosis and Lymphocyte Immunosuppression in Sepsis 

The focus of basic and clinical research regarding lymphocyte apoptosis in 

sepsis has grown considerably over the past 20 years.  The studies published 

have added credibility to the idea that apoptosis and immune suppression are not 

only important players in the pathophysiology of sepsis, but are also intricately 

intertwined.  Work performed in the 1990’s dramatically advanced the 

understanding of apoptotic cell death through the identification of numerous cell 

death-inducing molecules and their cognate receptors, as well as the molecular 

components of the cell death machinery.  Incorporation of the wide range of cell 

death reagents and genetically-modified mice into the sepsis arena helped to 

define some of the proteins important in sepsis-induced lymphocyte apoptosis, 

and the importance of sepsis-induced apoptosis on the development of the 

subsequent immune suppression.  General inhibition of apoptosis, via 

overexpression of Bcl-2, increased survival after sepsis induction 33.  In addition, 

a variety of caspases are activated during sepsis-induced apoptosis, and the 

administration of caspase inhibitors also improves survival 34, 35.  However, the 
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molecular mechanism by which lymphocyte apoptosis occurs after sepsis has 

remained difficult to define, as no single extrinsic or intrinsic pathway appears to 

be dominant 36.  Interestingly, the available data suggests that TNF-related 

apoptosis-inducing ligand (TRAIL) pathway is important in the establishment of 

sepsis-induced immune suppression 37, 38. 

In support of the numerous animal-based studies examining the 

relationship between sepsis-induced lymphocyte apoptosis and immune 

suppression, Hotchkiss and colleagues showed that post-mortem tissue samples 

from septic patients had considerable amounts of apoptotic cell death 

(specifically, 56.3% of spleens, 47.1% of colons, and 27.7% of ileums sampled) 

39.  Furthermore, tissue immunohistochemistry revealed increased caspase-3 

activity in septic versus nonseptic patients, with 25-50% of cells being positive in 

the splenic white pulp of six septic but none of the nonseptic patients, providing 

evidence that lymphocyte apoptosis was significantly increased in septic patients 

40.  Several other studies have added credibility to the theory that lymphocyte 

apoptosis plays a role in the immune suppression characteristic of the late events 

in sepsis.  Le Tulzo et al. 41 examined freshly isolated lymphocytes of critically ill 

septic patients, and showed a higher degree of apoptosis in the earlier stages of 

septic shock, as well as delayed T-cell reconstitution, in comparison to non-septic 

individuals.  Evidence for the expression of intracellular pro-apoptotic molecules 

has also been reported in human lymphocytes from septic patients.  Weber and 
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colleagues 42 analyzed mRNA expression of several Bcl-2 family molecules in 

circulating lymphocytes comparing patients with severe sepsis to non-septic 

critically ill patients.  One interesting finding in this study was the marked 

upregulation of Bim, a pro-apoptotic molecule whose deletion is associated with 

complete protection from apoptosis in animal sepsis, in sepsis-derived 

lymphocytes.  This is a potentially insightful finding into the specific pathways of 

apoptotic death that are dominant in sepsis, given that Bim is the only component 

of the apoptosis cascade whose deletion induces complete protection from 

apoptotic cell death in septic mice 36. 

 

IV. The impact of Sepsis on CD4 T-cell responses 

CD4 T helper (Th) cells are among the most important peripheral 

lymphocyte subsets when it comes to the orchestration of successful immune 

responses, influencing both innate and adaptive immune cells through cytokine 

production and cell-to-cell interaction 43.  CD4 T-cells are essential for effective 

primary CD8 T-cell responses 44, 45 and the formation of functional CD8 T-cell 

memory 46, 47, 48, 49, as well as efficient isotype switching in primary and memory B 

cell responses 50, 51.  A defining feature of antigen-specific CD4 T-cells is that, 

upon recognition of antigen – and depending on the cytokines and co-stimulatory 

molecules present – subsets of effector CD4 T-cells take on a specific phenotype 

best suited to drive a response against the perceived threat. These differentiation 
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pathways enable the activated and differentiated CD4 T-cell to exert specific 

effector functions, such as produce cytokines, activate other cells, and change 

immune cell migration patterns, necessary to clear the pathogen recognized. 

Several “polarities”, or effector differentiation pathways, are well described 

within CD4 T-cells (Figure 1-2).  For example, T helper 1 (Th1) cells are induced 

in response to viral, bacterial, and protozoan intracellular infections 52.  

Classically, CD4 T-cells from this subset are induced by available IL-12 and IFN-

γ in the inflammatory milieu, and produce cytokines such as IL-2 and IFN-γ, 

which goes on to activate intracellular killing mechanisms in macrophages 53, 54.  

In addition, Th1 cells also provide necessary signals for isotype switching in B 

cell responses (e.g., IgG2a in mice) 55.  In contrast, Th2 cells (activated in the 

presence of IL-4) produce predominantly IL-4, IL-5, and IL-13 and are important 

for the clearance of helminthic infections 56.  Th2 cells also enhance B cell 

isotype switching (to IgG1 and IgE) via IL-4 secretion, as well as the alternative 

activation of macrophages to promote tissue repair 57.  Lastly, Th17 cells, which 

are effector CD4 T-cells that can produce IL-17, IL-22 and TNFα, are important in 

immunity to extracellular fungal and bacterial pathogens (especially at mucosal 

surfaces 58) through the recruitment and activation of neutrophils 59.  Thus, the 

loss or improper function of CD4 T-cell responses is detrimental for immunity to a 

wide range of pathogens. 
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Whether or not CD4 T-cells are directly involved in the early stages of 

septic injury is debated.  Several animal studies have shown CD4 T-cells to 

directly mediate the host response to sepsis 60, 61, while others have concluded 

that CD4 T-cells have no impact in the inflammatory response 62.  Regardless of 

their direct effect on the acute response to septic injury, several observations 

point to CD4 T-cells as a subset of leukocytes that might be important to consider 

when discussing sepsis-induced immunosuppression.  These observations can 

be grouped into three general categories: 1) altered effector CD4 T-cell 

phenotype and/or function, 2) altered peripheral CD4 T-cell diversity, and 3) 

altered regulatory T-cell frequency and/or function. 

 

Altered effector CD4 T-cell phenotype and/or function.  During initial T-cell 

receptor (TCR) engagement, costimulatory signals lower the threshold for T-cell 

activation 63.  A T-cell receiving only antigen-specific TCR stimulation in the 

absence (or inhibition) of costimulation is rendered unresponsive, or anergic, to 

subsequent challenges 64.  The inhibition of costimulation by the immune system 

helps to attenuate T-cell responses by way of ‘clonal anergy’ 65, and reduces 

responses by way of ‘clonal deletion’ 38, 57.  Similarly, T-cell exhaustion, as seen 

in situations of chronic viral infection 66 and cancer 67 due to prolonged antigen 

exposure in the presence of low-grade inflammation, makes use of the same 

mechanisms to attenuate and reduce T-cell responses.  Modulation of the overall 
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‘strength of signal’ transmitted to a T-cell by inflammation can potentially give rise 

to an exhuberant immune response 68, and in such cases, the immune system 

attempts to regain homeostasis through the same mechanisms we have 

described 69.  Thus, it is now accepted that an important aspect of post-septic T-

cell dysfunction is a phenomenon similar to anergy or T-cell exhaustion 70.  This 

state includes decreases in cytokine production, epigenetic changes to T-cell 

transcription factors and the upregulation of inhibitory cell surface proteins, such 

as TRAIL 37, 38, programmed death 1 (PD-1) 71, 72, 73, and B- and T-lymphocyte 

attenuator (BTLA) 74, 75.   

The available empirical data supporting the idea of altered effector CD4 T-

cell function in critically ill sepsis patients dates back to studies in the 1970s and 

1980s showing impaired delayed-type hypersensitivity (DTH) skin reactions 76.  

Early studies using peripheral blood showed that cytokines produced under Th1 

or Th2 conditions were altered in sepsis 77, 78, 79, 80, 81.  More recently, Boomer and 

colleagues 82 used freshly isolated, postmortem spleen and lung tissue samples 

from 40 patients who died in intensive care units due to severe sepsis in 

comparison with similar samples from nonseptic, control patients.  The authors 

found almost no production of IFN-γ, TNF-α, IL-6 and IL-10 after 5 h stimulation 

with α-CD3/α-CD28, which strongly suggests of a state of impaired T-cell 

function.  While some investigators initially believed that these findings pointed 

towards a phenotypic switch in CD4 T-cells from Th1 to Th2 83, changes in 
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cytokine secretion are more likely due to a global state of anergy 77.  This fact 

has been reinforced by the finding that in human septic lymphocytes there is 

decreased expression of T-bet, GATA3, and ROR-γt, the transcription factors 

that regulate the Th1, Th2, and Th17 effector CD4 T-cell phenotypes, 

respectively 84.  Animal studies have also shown histone methylation and 

chromatin remodeling can occur within the T-bet and GATA3 promoter regions of 

lymphocytes after sepsis, thereby contributing to the anergic state of CD4 T-cells 

85. 

Other studies have also pointed to indirect evidence of defective CD4 T-

cell function.  For example, effective CD4 T-cell immunity is essential for the 

decrease in frequency and severity of recrudescence in human herpesviral 

infections 86, such as cytomegalovirus (CMV) 87 or herpes simplex virus (HSV) 88, 

89, and recent studies have shown a significantly higher rate of CMV, HSV 

reactivation in septic patients 88, 90.  CD4 T-cell function is also integral to 

adequate B cell function, including antibody isotype switching and maintenance 

of an effective humoral memory.  B cells are severely diminished by sepsis-

induced apoptosis 28, and there exists some evidence of perturbations within 

peripheral B cell subsets early on after septic injury 91.  Moreover, certain B cells 

are thought to play a role in the success of the innate immune response during 

sepsis 92, 93.  Recent animal studies have shown that administration of 

immunoglobulin fractions modified by mild oxidation with ferrous ions improves 
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survival after sepsis 94, 95.  Interestingly, several investigators have also observed 

alterations in humoral responses after sepsis, specifically in terms of antigen-

specific immunity (e.g. T-cell-dependent antibody responses) 96, 97, 98. 

 

Altered peripheral CD4 T-cell diversity.  Another important observation in 

sepsis patients is the considerable reduction in circulating CD4 T-cells (along 

with other lymphocyte populations), which is documented in patients of all ages 

41, 99, 100, 101, 102, 103, 104, 105, 106 and occurring at the time of high pathogen burden 

107, 108, 109.  However, very little is known on how CD4 T-cells recover following 

septic injury, particularly the extent to which thymic function and homeostatic 

proliferation are involved.  Naïve CD4 T-cells are normally maintained in the 

periphery after thymic egress by frequent low-level signals from self-

peptide:MHC II and cytokine signals (most notably, IL-7 signaling for naïve CD4 

T-cells 110, with IL-15 signaling being more important for naïve CD8 T-cells 111).  

In situations where T-cell numbers drop acutely (such as during cytotoxic drug 

regimens, irradiation, and certain viral infections), the increased availability of 

these resources turns survival signals into mitogenic stimuli in a process known 

as homeostatic proliferation, which promotes a proliferative expansion to restore 

T-cell numbers 112.  During expansion (and despite the antigen-independent 

nature of this proliferative mechanism), naïve T-cells acquire the phenotypic 

features of antigen-experienced, memory T-cells 113.  One study examining 
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recovery of T-cells after sepsis-induced lymphopenia argued that (OT-I) CD8 T-

cells were able to proliferate when adoptively transferred into a septic host, but 

(OT-II) CD4 T-cells could only proliferate if cognate antigen or IL-7 was 

administered 114.  The authors accordingly concluded that homeostatic 

proliferation was not the main mechanism for CD4 T-cell recovery.  This 

conclusion leads to an interesting dilemma: what “endogenous source” is 

reconstituting CD4 T-cells after sepsis?  It is evident that thymic output cannot 

explain T-cell reconstitution in elderly human patients, given that the export rate 

of naïve thymus-derived cells is not modulated by alterations to the peripheral T-

cell pool (neither by lymphocytosis nor lymphopenia) 115.  Indeed, circulating 

levels of IL-7 in athymic (but not necessarily lymphopenic) and elderly individuals 

are significantly increased 116, which adds more evidence to the fact that 

peripheral mechanisms play a bigger role than the thymus in the maintenance of 

circulating T-cell numbers after puberty.  Furthermore, animal studies 

demonstrate that thymic function is severely impaired by sepsis via massive 

apoptosis and thymic involution 114, 117.  It is more plausible that CD4 T-cells rely 

on peripheral (rather than central) maintenance mechanisms to recover full 

numerical strength after sepsis. 

The almost “laissez faire” maintenance of naïve T-cell numbers in the 

periphery – auto-regulation through the availability of IL-7 and tonic TCR 

signaling, in the context of available space within the T-cell compartment – has 
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one important compromise.  To anticipate an ever-changing world of pathogens, 

the immune system has evolved to give T-cells impressive diversity 118.  

However, homeostatic proliferation does not create diversity, so much as it can 

maintain some of the diversity.  This diversity begins at the antigen-specific 

population level, where each CD4 T-cell binds a specific complex of peptide 

antigen and MHC II via their TCR 119.  That is, one seemingly homogenous group 

of CD4 T-cells recognizing the same antigen is formed by a diverse set of clones 

with divergent capabilities to form TCR/peptide:MHC II complexes 120.  Thus, an 

optimal diversity of the CD4 T-cell repertoire (both in terms of breadth of antigen 

recognition, as well as heterogeneity of clonotypes within each antigen-specific 

population) is crucial for effective immune responses against invading 

pathogens. 

As we age, the competition within one population of antigen-specific T-cells 

might give rise to a “culled” repertoire.  In animal studies of lymphopenia, 

proliferative expansion of naïve T-cells also becomes more dependent on 

TCR/self-peptide:MHC II ‘tonic’ signaling.  The resultant environment enforces 

competition between clones and minimizes diversity within antigen-specific 

populations.  This is akin to a “democratization” process of the antigen-specific 

repertoire, whereby the clonal “elite” is culled in favor of the “mediocre” majority 

121.  In agreement with this, both mouse and human studies show a dramatic 

age-related decline in the diversity of antigen-specific T-cells, preferentially losing 
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reactivity over time to epitopes recognized by T-cells with low precursor 

frequencies 122.  This effort to maintain some recognition of a pathogen can 

sacrifice both clonal and antigenic diversity, plausibly generating “gaps” in the 

immunological repertoire.  Extrapolating from these observations, we can 

reasonably argue that clonal diversity in antigen-specific cells might be reduced 

to a minimum in an effort to maintain naïve homeostasis, and that in the aging 

individual this eventually results in the selection of clones with poor affinity.  In 

the context of sepsis, a recent study showed drastic reductions in clonotype 

diversity of septic patients 123, making it tempting to speculate that sepsis could 

effectively “age” the adaptive immune system by accelerating the selection of 

clones with poor affinity within the resultant peripheral repertoire. 

Recent findings from our group have also shed light on the impact of 

sepsis on the recovery of antigen-specific diversity within the peripheral T-cell 

pool.  Specifically, we studied the effect of sepsis on a range of antigen-specific 

CD8 T-cell populations specific for LCMV and found significant changes to the 

antigen-specific precursor populations after sepsis that correlate with impaired 

priming for some epitope-specific responses 124.  The data in this study ultimately 

hinted at changes to the immunodominance hierarchy of LCMV-specific 

responses in septic animals.  In agreement with these results examining antigen-

specific CD8 T-cell populations, we have seen that a similar phenomenon occurs 

in antigen-specific CD4 T-cell populations (unpublished data).  Since the survival 
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of naïve and memory antigen-specific cells correlates inversely with clonal 

abundance 125, it is plausible that the massive apoptosis of peripheral T-cells in 

septic patients can drive a recovery of antigen-specific populations with 

diminished repertoire diversity, whereby surviving clones do not adequately 

represent the immunodominance hierarchy against a specific antigen 124.  In the 

context of a pathogen-specific response, this idea implies that the recovery of a 

less diverse repertoire within antigen-specific populations could lead to aberrant 

responses due to changes in the affinity for dominant antigen peptides.  This 

effect would account (at least in part) for the susceptibility to opportunistic 

infections and diminished lymphocyte function seen in sepsis. 

 

Increased regulatory T-cell frequency and/or function. An increased frequency of 

CD4+CD25+FoxP3+ regulatory T-cells (Treg) has been found in the periphery of 

septic patients, particularly in the early stages after diagnosis 101, 126, 127.  These 

results were later clarified by a study showing that the increased frequency of Treg 

was due to decreases in the effector populations of CD4 T-cells 80.  Thus, one 

conclusion drawn about Treg in sepsis is that they are more resistant to apoptosis 

than conventional CD4 T-cells 39.  Despite these findings, the role of Treg in septic 

injury is still debated.  Excessive Treg formation decreases survival in animal 

models of sepsis 128, as well as improving outcomes and immunity 129, 130, 131.  

These contrasting results, particularly in human studies, may be related to the 
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sensitivity of analyzing FoxP3 expression via flow cytometry, the timing of 

analysis, and the ability to discern the methylation status of the FoxP3 promoter 

in circulating septic lymphocytes 132.  In animal models, the removal of Treg by 

anti-CD25 mAb has not led to any improvements in survival 133, but this may be 

due to the expression of CD25 in activated CD4 T-cells (and thus depletion is not 

limited to regulatory CD4 T-cells).  More recently, some investigators have used 

glucocorticoid-induced TNF-receptor-related protein (GITR) agonistic antibodies 

to block Treg function, and results from these studies show improved immune 

function and microbial killing in septic animals 98. 

Complement depletion, which often occurs as a result of disseminated 

intravascular coagulation, can also have an effect on the balance between 

regulatory and effector CD4 T-cells.  Recently, several reports showed how 

signaling via C3aR/C5aR diminishes the function of Treg 134, 135, 136.  Along these 

lines, studies in human septic patients have shown strong correlations between 

complement C3 depletion and an increase in the frequency of Treg, as well as 

significantly higher post-operative complications and hospital stay 137, 138.  

Moreover, the administration of exogenous C3 inhibited Treg expansion and 

improved survival in animal models of sepsis 139, 140.  While it is true that C3 

might also be improving outcomes by preventing organ dysfunction, it is just as 

plausible that changes in the T-cell compartments and the paralysis of immune 

responses can be due in part to systemic cell death. 
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V. Strategies to enhance T-cell recovery and function after Sepsis 

Administration of immune-modulatory therapy is a promising treatment approach 

for treating sepsis survivors.  Of particular interest are two therapeutic 

approaches: the use of γc receptor-dependent cytokines such as IL-2, IL-7 and 

IL-15 141, 142, 143 and the blockade of certain inhibitory molecules (particularly PD-1 

144, 145, CTLA-4 146, and TRAIL 38).  However, the potency and safety for some of 

these therapies have to be enhanced–and their toxicity minimized–before their 

efficacy can be tested in clinical settings.  Here we will review the extent to which 

these therapies can improve pathogen clearance, increase CD4 T-cell 

responsiveness, and promote survival in sepsis. 

 

Cytokines of the common γ-chain receptor family. Cytokine-based, immune-

modulatory strategies have proven effective in boosting anticancer responses, 

rejuvenating T-cell-mediated immunity in settings of chronic viral infections as 

well as accelerating immune reconstitution after bone marrow transplantation.  It 

is now apparent that although their rejuvenating effects apply differentially to T-

cell subsets, several members of the common γc family of cytokines promote 

homeostasis and survival of CD4 and CD8 T-cells.  For example, IL-2 becomes a 

master regulator of homeostasis during T-cell-mediated responses as well as 

during T-cell recovery in lymphopenic hosts (promoting survival, expansion of 
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Treg, or activation-induced death in a context dependent manner).  IL-7 and IL-15, 

conversely, are much more specifically required for the survival and expansion of 

CD4 and CD8 memory and T-cells during homeostatic expansion.  IL-7 is one of 

the most promising cytokine-based therapies to date, with 13 currently ongoing 

or recently closed clinical trials examining the effect of IL-7 adjuvant therapy in 

anti-tumor responses or as a booster of immunity in chronic viral infections.  In 

the context of sepsis, studies published within the last 3 years have shown IL-7 

to improve survival of murine T-cells after sepsis-induced by cecal ligation and 

puncture, increase pathogen clearance and DTH responses in a mouse model of 

sepsis with candidiasis, and promote proliferation in hyporesponsive PBMC from 

septic patients 142, 143, 147. 

The biggest potential drawbacks of cytokine-based therapy are potential off-

target effects. For example, although IL-7 can enhance immune reconstitution 

after BMT in humans, patients with acute graft-vs-host disease display 

significantly higher circulating concentrations of IL-7 148.  Similarly, IL-15 can 

exacerbate autoimmunity (such as in celiac disease), and side effects of high-

dose IL-2 immunotherapy stem from its ability to cause vascular leak syndrome, 

an accumulation of intravascular fluid in organs, causing prominent pulmonary 

edema and liver cell damage 149. 
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Immune checkpoint modulation.  As mentioned previously, sepsis-induced 

immune dysfunction shares many similarities with cancers refractory to standard 

therapies.  One of the newest strategies for therapeutic intervention in cancer, 

immune checkpoint modulation, might lead to benefits in sepsis as well.  Most of 

these new strategies are based on blockade of pathways that negatively regulate 

T-cell survival and/or activation following TCR engagement.  Thus, while cytokine 

therapies might prevent or lessen irreparable losses in the T-cell repertoire, 

immune checkpoint modulation therapies would serve to reverse sepsis-induced 

immunosuppression.  

Perhaps the most popular target for checkpoint modulation in current 

sepsis research is PD-1.  A growing number of biologicals targeting the PD-1 

pathway have been evaluated as immunotherapy for several types of solid 

tumors and have shown impressive efficacy in clinical trials 150, 151, as well as in 

the effective reversal of T-cell exhaustion in mycobacterial and chronic CMV 

infections 145, 152.  Interestingly, PD-1 expression has also correlated with 

mortality and nosocomial infections in sepsis patients 72.  Correspondingly, the 

pharmacologically relevant ligand for PD-1, PD-L1, is upregulated on circulating 

monocytes in human sepsis patients and mouse macrophages during 

experimental sepsis 72, 73.  Indeed, blockade of the PD-1:PD-L1 signaling 

pathway improves survival in animal models of sepsis 153, 154, and reverses T-cell 

exhaustion in patients with sepsis 144. 
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Another potential target for blockade or inhibition is TRAIL, which has 

been under investigation in clinical trials in the cancer and bone marrow 

transplantation fields 155.  TRAIL is upregulated in situations of immune privilege 

and T-cell exhaustion to induce apoptotic cell death 48, 156.  As mentioned, one 

interesting phenomenological defect in sepsis patients is a loss of CD4 T-cell 

dependent DTH responses.  In other tolerance models where the administration 

of Ag-coupled apoptotic cells or generation of a large number of apoptotic cells in 

vivo, one mechanism to explain the lack of CD4 T-cell immunity is immune 

regulation by a TRAIL-expressing CD8 T-cell population 157, 158, 159.  In line with 

these experimental models of tolerance, a population of TRAIL-expressing CD8 

T-cells potently inhibits CD4 T-cell function in sepsis, and blockade of TRAIL by 

monoclonal antibody treatment increases T-cell function and decreased 

heterologous pathogen burden during a secondary infection in CLP-induced 

sepsis 37, 38.  Interestingly, low concentrations of soluble TRAIL in the plasma 

correlated with reduced immune function and a higher risk of mortality in patients 

with septic shock 160.  Clearly, additional study is needed to determine the 

relationship between the mouse and human data on the potential function of 

TRAIL in sepsis. 



  

  24 

VI. Concluding Remarks 

Sepsis is a complex medical condition that exerts a variety of 

consequences on the immune system.  We have examined the impact of sepsis 

specifically on CD4 T-cell immunity, as these cells factor into the development of 

numerous types of responses by the immune system.  Moreover, we have 

focused our discussion on the impact of sepsis on both the quantity and quality of 

CD4 T-cells, given that these characteristics dictate the magnitude and success 

of any prospective CD4 T-cell response to pathogenic challenge.  The apoptotic 

attrition within the CD4 T-cell compartment during a septic event stochastically 

affects all antigen-specific effector CD4 T-cell populations (Figure 1-3).  Acutely, 

this sudden loss of CD4 T-cells dramatically affects a variety of adaptive immune 

functions.  As CD4 T-cells recover numerically, multiple mechanisms are 

potentially involved in sepsis-induced immune suppression of CD4 T-cell 

responses.  Changes in TCR repertoire usage, antigen binding affinity, 

proliferative capacity, and cytokine production can act collectively to alter 

qualitative and compositional aspects of post-septic CD4 T-cell responses.  

Furthermore, sepsis-induced alterations in the composition of the antigen-specific 

CD4 T-cell repertoire persist and may ultimately account for the increased risk of 

mortality 161, 162, and the more poorly perceived general health that is 

documented in survivors for years after resolution of sepsis 163. 

We realize the sepsis-induced changes within the CD4 T-cell 
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compartment that we have highlighted are just a few of the many ways in which 

sepsis affects the immune system.  As medical advancements have increased 

the ability of clinicians to reduce morbidity to acute sepsis, the continued testing 

of therapeutics that prevent CD4 T-cell loss, accelerate numerical recovery, 

boosT-cellular function, and/or block immunosuppressive pathways are needed 

to decrease mortality rates associated with the increased susceptibility to 

secondary infection.  As each of these aspects of CD4 T-cell function act at 

different points, it is likely that targeting multiple points will be needed to restore 

the CD4 T-cell response to (near) normal states. 
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Figure 1-1.  Evolving concepts in the etiological basis for sepsis.   
The conceptual understanding of the pathophysiology of sepsis has evolved over the past 40 
years from a simple, linear model of ‘exuberant’ inflammation to a complicated interplay between 
opposing factions within the immune response.  A. The classic theory (and current consensus 
definition) of sepsis was popularized in the 1970s and views sepsis as a linear consequence of 
uncontrolled inflammation caused by the innate immune system in response to an invading 
pathogen.  The inflammatory response is here depicted as a dial, or gradient that encompasses 
immunological states ranging from homeostasis to sepsis.  B. Currently, one of the more widely 
accepted theories about sepsis is that it stems from the interplay between two opposite 
immunological poles, or forces (depicted here as scales).  Several clues point to this as a 
reasonable alternative to the classic model.  First, clinical studies have found that undesirable 
concentrations of pro- and anti-inflammatory cytokines can be detected in the serum of septic 
patients.  In addition, lymphocytes can also be detected as undergoing apoptosis and proliferating 
simultaneously.  Balance between immunological extremes varies from patient to patients, and 
influences the outcome of the septic episode: some patients may experience cardiovascular 
collapse and organ ischemia, while others might recover from hemodynamic instability but end up 
immunosuppressed and vulnerable to secondary opportunistic infections.  
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Figure 1-2. Plasticity of CD4 T-cell phenotype is essential for generation of optimal 
responses to a wide variety of pathogens.   
A naïve CD4 T-cell has the ability to execute one of several effector programs.  During an 
infection, antigen-presenting cells (APCs) present antigenic epitopes from invading pathogens to 
CD4 T-cells, via MHC II.  Along with TCR stimulation, APCs also provide CD4 T-cells with co-
stimulatory ligands and cytokine signals that are optimized for the antigen in question.  The 
ensuing cytokine milieu created for a specific infection, at a specific infection site, will polarize 
CD4 T-cells into an effector phenotype most suitable for helping the innate and adaptive 
components of the immune response.  Although our discussion has focused on the activity of 
Th1, Th2, and Th17 CD4 T-cells, we have included follicular helper T-cells (Tfh) in the figure as 
well. Tfh cells are essential for affinity maturation of the humoral immune response. Thus, optimal 
immunity is dependent on the ‘correct’ polarization of CD4 T-cells, which is driven by the context 
as well as the type of antigen encountered (e.g., type of pathogen in question, innate adjuvant 
effects, and route of infection).  Polarization can also induce naïve CD4 T-cells to become 
regulatory T-cells (iTregs), which work alongside thymus-derived, ‘natural’ regulatory T-cells 
(nTregs) to suppress excessive inflammation and modulate the damage inflicted upon the host by 
the immune response generated.
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Figure 1-3.  Sepsis-associated lymphocyte apoptosis is followed by a quantitatively- and 
qualitatively-impaired recovery of CD4 T-cell pathogen-specific responses.   
The colored cells represent three different antigen-specific populations within an 
immunodominance hierarchy.  Sepsis causes a stochastic loss of CD4 T-cells by apoptosis, but 
the causative agent(s) responsible for this decline are not clear. It is thought that the drop in 
circulating lymphocytes stems from a multifactorial insult that includes excessive pro-
inflammatory cytokine levels, metabolic stress, increased levels of toxic metabolites, reactive 
oxygen species and hypoxia/ischemia.  Nevertheless, the end result for a significant group of 
patients is a state of lymphopenia that is most pronounced for certain cell populations (one such 
population being CD4 T-cells), with clear reductions in diversity, as well as the eventual numerical 
recovery of T-cells.  However, several changes occur to CD4 T-cells in the process of recovery.  
These include cell-intrinsic changes (anergic and pro-apoptotic phenotypes, as well as hyper-
methylation of promoter regions for important helper T-cell transcription factors), regulatory 
changes (increased fraction of regulatory T-cells and/or perhaps increases in the functional 
capacity of regulatory T-cells).  Finally, changes to CD4 T-cell repertoire diversity are depicted 
here by showing how antigen-specific populations may be altered after lymphopenia and 
recovery, thereby altering the immunodominance hierarchy of a response: one population has an 
impaired recovery, while another is over-represented after recovery and a third population 
recovers numerically to its level at homeostasis.  This change can be demonstrated at the level of 
single antigen-specific populations, but is not evident otherwise given the numerical recovery of 
bulk CD4 T-cells in the peripheral lymphoid organs
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Chapter 2: Sustained Impairment of 
CD4 T-cell Responses After Sepsis1 

                                            

1 Content has been previously published. Reprinted from The Journal of 
Immunology, volume 194, issue 4. Javier Cabrera-Pérez, Stephanie A. Condotta, 
Britnie R. James, Sakeen W. Kashem, Erik L. Brncks, Deepa Rai, Tamara A. 
Kucaba, Vladimir P. Badovinac and Thomas S. Griffith. Alterations in Antigen-
Specific Naive CD4 T-cell Precursors after Sepsis Impairs Their Responsiveness 
to Pathogen Challenge, pp.1609-1620 
© 2015, The American Association of Immunologists, Inc. 
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Patients surviving the acute stages of sepsis develop compromised T-cell 

immunity and increased susceptibility to infection.  Little is known about the 

decreased CD4 T-cell function after sepsis.  We tracked the loss and recovery of 

endogenous Ag-specific CD4 T-cell populations after cecal-ligation and puncture 

(CLP)-induced sepsis, and analyzed the CD4 T-cell response to heterologous 

infection during or after recovery.  We observed that the sepsis-induced early 

loss of CD4 T-cells was followed by thymic-independent numerical recovery in 

the total CD4 T-cell compartment.  Despite this numerical recovery, we detected 

alterations in the composition of naïve CD4 T-cell precursor pools, with sustained 

quantitative reductions in some populations.  Mice that had experienced sepsis 

and were then challenged with epitope-bearing, heterologous pathogens 

demonstrated significantly reduced priming of recovery-impaired Ag-specific CD4 

T-cell responses, both in magnitude of expansion and functional capacity on a 

per-cell basis, which also correlated with intrinsic changes in Vβ clonotype 

heterogeneity.  Our results demonstrate the stochastic nature of CD4 

lymphopenia during sepsis, and suggest that CD4 T-cell recovery is 

accompanied by alterations to the composition and function of the Ag-specific 

CD4 T-cell repertoire. 
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I. Introduction 

CD4 T helper (Th) cells influence the function of a variety of innate and adaptive 

immune cells critical for the successful generation of a productive and protective 

immune response 43.  For example, effective primary CD8 T-cell responses 44, 45, 

the formation of functional CD8 T-cell memory 46, 47, 48, 49, efficient isotype 

switching in primary and memory B cell responses 50, 51, and the effector function 

of macrophages 164 all develop with the “help” of CD4 T-cells.  The ability of CD4 

T-cells to function in such an array of immunological settings is because effector 

CD4 T-cells can take on different phenotypes (i.e., Th1, Th2, Th9, Th17, Tfh 165), 

based on the cytokines and co-stimulatory molecules present at the time of Ag 

recognition.  In turn, this plasticity enables CD4 T-cells to drive a response that is 

best-suited to the situation.  Due to their importance in this broad variety of 

immune responses, perturbations in the CD4 T-cell compartment can have 

dramatic consequences on the overall fitness of the immune system. 

Sepsis strikes 750,000 Americans every year 56 with ~ 210,000 of these patients 

dying 166.  Although sepsis is currently defined as a systemic inflammatory 

response syndrome (SIRS) in the presence of a disseminated infection 167, 168, 169, 

it has become clear in the past decade that sepsis is not just the symptoms of a 

complicated infection.  Instead, sepsis is now viewed as a syndrome stemming 

from the dysregulation of immune responses due to an invasive pathogen – a 

phenomenon that results in system-wide collateral damage 28.  Sepsis-induced 
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immune suppression is intricately related to the process of lymphocyte apoptosis 

that occurs after a septic event 37, 106.  While the T-cell compartment recovers 

numerically after a septic event, it is not known whether different T-cell 

subpopulations can revert back to the antigenic diversity that is seen before 

sepsis, and whether changes in population diversity can affect the functionality of 

the immune system.  Gross quantitation of CD4 T-cells reveals that they are 

severely depleted during the acute stage of sepsis but gradually recover 

throughout the immunosuppressive phase of sepsis 114.  However, there are 

knowledge gaps regarding the mechanism(s) driving this CD4 T-cell recovery, 

the quality/functionality of the “recovered” CD4 T-cell compartment, and the 

extent to which sepsis impairs Ag-specific CD4 T-cell function in surviving 

animals.   

In this study, we used peptide:MHC II (p:MHC II) tetramer enrichment technology 

170 to examine quantitative shifts within the endogenous naïve Ag-specific CD4 T-

cell repertoire at different time points after sepsis.  Our findings suggest that the 

numerical restoration of the CD4 T-cell repertoire after sepsis occurs via a 

peripherally-driven mechanism that is seemingly independent of Ag availability.  

Although the total CD4 T-cell population recovers numerically, examination of 

individual Ag-specific populations revealed an asymmetric recovery in different 

Ag-specific precursor populations.  Our results also suggest that, if inadequately 

recovered, Ag-specific CD4 T-cell populations show impairments in expansion 
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and function in response to pathogen challenge after sepsis.  The implications of 

these findings within the context of long-term increased susceptibility to 

secondary infections (and the associated increased risk of mortality) will be 

discussed. 

 

II. Materials and Methods 

CD4 T-cell assays 

In vivo peptide stimulation was used to determine Ag-specific CD4 T-cell function 

by intracellular cytokine production, as previously described 165, 171, 172.  Briefly, 

infected mice were injected i.v. with 100 µg of the appropriate peptide.  After 2 h, 

spleens were harvested in media containing 10 µg/ml brefeldin A.  The resulting 

cell suspensions were fixed, permeabilized, and stained with anti-IFNγ and anti-

TNF mAb.  To specifically examine the function of Ag-specific Th17 cells sham 

and CLP-treated mice were infected 30 d after surgery with C. albicans-2W1S 

epicutaneously 173.  On d 7 post-infection, the spleen and skin-draining (inguinal, 

brachial, axillary and cervical) LN were harvested, and dissociated into a single-

cell suspension.  The resultant T-cells were stimulated for 4 h with PMA (50 

ng/ml) and ionomycin (1.5 µM) in complete RPMI media supplemented with 

monensin (1 µM).  After stimulation, cell debris was filtered and the samples 

underwent tetramer enrichment as described.  After tetramer enrichment and 

subsequent staining for cell surface markers, 0.1 ml aliquots from the enriched 
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and flow-through fractions were suspended in fixation/permeabilization buffer 

(eBioscience) for 20 min at 4ºC, and then stained for intracellular IFNγ and IL-17 

accumulation overnight in permeabilization buffer (eBioscience).  After staining, 

cells were resuspended in FACS buffer and 0.02 ml of counting beads 

(eBioscience) were added to each sample immediately before acquisition. 

 

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 (PBS containing 2% BCS and 0.2% NaN3).  For some 

experiments, the cells were then fixed with PBS containing 2% 

paraformaldehyde.  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 both surface and intracellular stainings 

were as follows: Horizon™ V500 Thy1.2 (clone 53-2.1; BD Biosciences), Brilliant 

Violet™ (BV) 510 and FITC CD3 (clone 17A2; BioLegend), BV421 and BV605 

CD4 (clone GK1.5; BioLegend), BV650 CD8 (clone 53-6.7; BioLegend), 

AlexaFluor®700 CD44 (clone IM7; BioLegend), APC and BV421 IL17A (clone 

TC11-18H10.1; BioLegend), APC and BV650 IFNγ (clone XMG1.2; BioLegend), 
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PE-Cy7 IL2 (clone JES6-5H4; BioLegend), AlexaFluor®647 CD49d (clone R1-2; 

BioLegend), PerCP-Cy5.5 B220 (clone RA3-6B2; eBioscience), PerCP-

Cy5.5CD11b (clone M1/70; eBioscience), PerCP-Cy5.5CD11c (clone N418; 

eBioscience), PerCP-Cy5.5 F4/80 (clone BM8; eBioscience), FITC FoxP3 (clone 

FJK-15S; eBioscience), FITC CD11a (clone M17/4; eBioscience), FITC TNFα 

(clone MP6-XT22; eBioscience), and PE-Cy7 CD11a (clone M17/4; 

eBioscience).  FlowJo software (TreeStar) was used for analysis of samples 

acquired on an LSR II flow cytometer (BD). 

 

Ag-specific TCR Vβ repertoire flow cytometry assay.  

Assessment of TCR Vβ repertoire diversity was performed using a modification 

of a previously reported method 174, 175.  Briefly, sham- or CLP-treated mice were 

injected with 50 µg of 2W1S peptide and 5 µg LPS on d 30 post-surgery.  After 

another 3 d, splenic T-cells were enriched for APC-2W1S:I-Ab tetramer-binding 

cells.  The enriched population was subsequently divided into 2 equal aliquots 

and stained for surface markers along with 13 available TCR Vβ mAb multiplexed 

onto four separate flow cytometry detection channels, using directly conjugated 

antibodies and/or biotinylated mAb detected afterwards with Streptavidin-BV421 

(Biolegend; San Diego, CA).  The TCR Vβ mAb used were: FITC-conjugated 

mAb against mouse Vβ2 (clone B20.6), Vβ4 (clone KT4), Vβ6 (clone RR4-7), 

Vβ7 (clone TR310), Vβ8.1/8.2 (clone KJ16-133.18) and Vβ8.3 (clone 8C1); PE-
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conjugated mAb against Vβ5.1/5.2 (clone MR9-4), Vβ8.1/8.2 (clone MR5-2), 

Vβ8.3 (clone 1B3.3), Vβ9 (clone MR10-2) and Vβ10 (clone B21.5); PerCP-

eFluor®710 conjugated Vβ13 (clone MR12-3); and biotinylated mAb against Vβ3 

(clone KJ25), Vβ4, Vβ5.1/5.2, Vβ6, Vβ10 and Vβ14 (clone 14-2).  Unless 

specified, mAb that detected the same TCR Vβ clonotype were from the same 

clone and vendor.  All mAb used to detect Vβ clonotype distribution were 

purchased from either BD Biosciences, Biolegend, or eBioscience. 

 

Statistical analyses.  

Data were analyzed using GraphPad Prism® (La Jolla, CA).  Specific tests to 

determine statistical significance are indicated in the figure legends.  Statistical 

signficance is indicated as follows: **** p < 0.001, *** p < 0.005, ** p < 0.01, * p < 

0.05, and ns, no significance.  Data scatter plots are presented as mean values + 

SEM, and data shown as bar graphs are presented as mean + SEM.   
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III. Results 

Numerical recovery of CD4 T-cells after sepsis occurs by a thymic-independent 

mechanism.  

Sepsis can be experimentally investigated using the cecal ligation and puncture 

(CLP) model 176, which is frequently used to assess the acute complications and 

mortality associated with severe septic events.  The CLP model used in our 

studies induces a mild septic state resulting in ~10% acute mortality (Fig. 2-1A).  

This degree of injury creates immune defects similar to more severe models and 

permits the long-term study of immune system responses in septic mice 38, 124, 

177.  In addition, mice that experience this milder sepsis demonstrate the same 

symptomatology characteristic of severe experimental peritonitis, including 

cachexia, weight loss, piloerection, and lethargy.  Consistent with previous data 

114, we found a significant decrease in the total number of CD4 T-cells in the 

spleen, inguinal LN, and blood 2 d after septic injury and a numerical recovery 

apparent by d 30 (Fig. 2-1, B-C).  These results led us to conclude that the 

attenuated CLP procedure that produces a mild septic insult can be used to 

interrogate the CD4 T-cell loss and recovery in the context of sepsis. 

CD4 T-cell recovery is not usually dependent on thymic-derived T-cells in 

models of experimentally-induced lymphopenia, since the export rate of naïve T-

cells from the thymus is not modulated by perturbations in the periphery 178.  In 

contrast, work by Unsinger et al. suggested CD4 T-cells did not homeostatically 
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proliferate when transferred into CLP-treated recipients 37.  These contradictory 

findings led us to examine the number of CD4 T-cells in the blood of sham- and 

CLP-treated euthymic (WT) and thymectomized mice.  CD4 T-cell loss and 

recovery was similar in WT and thymectomized mice, with no statistical 

differences at any of the time points analyzed (Fig. 2-1C).  Next, sham- and CLP-

treated WT and thymectomized mice were given BrdU on d 6 after surgery to 

measure proliferation of the peripheral blood CD4 T-cells.  We found statistically 

higher frequencies of BrdU+ CD4 T-cells in CLP-treated mice versus shams, 

regardless of thymic presence or absence (Fig. 2-1D).  Together, these results 

suggest that CD4 T-cell recovery after sepsis occurs by a thymus-independent 

mechanism. 

 

CD4 T-cells that numerically recover after septic insult acquire an “Ag-

experienced” phenotype. 

As naïve T-cells homeostatically proliferate to fill lymphopenic niches, their 

surface phenotype changes to resemble T-cells that have encountered their 

cognate Ag 113, 179.  Importantly, this change in phenotype can be independent of 

cognate Ag recognition 180.  We recently reported that the numerical recovery of 

CD8 T-cells after septic injury is driven by homeostatic proliferation, indicated by 

an increased frequency of CD11ahi CD44hi CD8 T-cells compared to sham mice 

124 – even when cognate Ag was not encountered.  Currently there is no 
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canonical phenotype characterizing CD4 T-cells that have undergone similar 

processes, but several phenotypes have been suggested.  For example, CD11a 

and CD49d co-expression indicate an “Ag-experienced” CD4 T-cell phenotype 

181, 182.  We noted that CD4 T-cell recovery after sepsis was concomitant with an 

increased frequency of CD11ahi CD49dhi CD4 T-cells among the total CD4 T 

compartment (Fig. 2-2,A-B).  CD44 and CD127 co-expression has also been 

suggested to be a phenotype for CD4 T-cells after Ag-independent expansion 183, 

and we found CLP-treated mice had an increased frequency of CD44hi CD127hi 

CD4 T-cells (Fig. 2-2,A-B).  To determine the extent to which these changes 

were dependent on TCR interaction with cognate Ag, we transferred TCR-

transgenic Sm1 (transgenic epitope: Flic427-441 from Salmonella enterica ser. 

typhimurium Flagellin 184) and SMARTA (transgenic epitope: gp61-77 from LCMV 

185) CD4 T-cells into B6 mice prior to sham or CLP surgery.  These are two 

disparately different pathogens, neither of which is normally found in SPF mice.  

We observed significantly increased frequencies of CD11ahi CD49dhi Sm1 and 

SMARTA CD4 T-cells in the spleens of CLP-treated mice compared to sham-

treated mice after 30 d (Fig. 2-2C).  While Ag cross reactivity cannot be 

excluded, these phenotypic changes in TCR-transgenic CD4 T-cells led us to 

conclude that the acquisition of an “Ag-experienced” phenotype was occurring 

without cognate Ag present in the septic host.   
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We have previously shown that CD8 T-cells undergo recovery after septic injury 

via an IL-15-dependent, homeostatic proliferation mechanism186. To test the 

dependency on IL-7 and IL-15 of CD4 T-cells, in the setting of post-septic, 

lymphopenia-induced proliferation, we examined the fraction of CD49dhiCD11ahi 

CD4 T-cells, in CLP and sham-treated animals deficient for IL-7 or IL-15. In 

addition, since we also wanted to test whether cytokines were important in the 

recovery of Ag-specific populations sepsis-induced lymphopenia, we transferred 

Sm1 naïve splenocytes into wt and IL-7 deficient mice before surgery, and 

analyzed the recovered transgenic CD4 T-cells 30d post surgery for CD11a and 

CD49d. As expected, the frequency of CD49dhiCD11ahi CD4 Tcells in wt mice 

were higher in CLP-treated hosts when compared with wt  sham; The same 

pattern was seen with  IL-15 deficient mice.  (Fig, 2-3A). Suprisingly, IL-7 

deficient mice did not have similar increases in the frequency of total or 

CD49dhiCD11ahi CD4 cells (Fig. 2-3, A-B). These results suggested that the 

mechanism of Ag-specific CD4 T-cell recovery after sepsis is dependent on IL-7. 

Taken together, the data in Fig. 1, 2 and 3 suggest that lymphopenia-induced 

homeostatic proliferation plays a major role in the numerical recovery of the CD4 

T-cell compartment after sepsis. 
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Asymmetric recovery of Ag-specific naïve CD4 T-cells after sepsis. 

The massive attrition of peripheral CD4 T-cells and evidence supporting a 

peripheral mechanism of CD4 T-cell recovery after sepsis led us to question the 

possibility of discrete changes within individual Ag-specific CD4 T-cell 

populations.  We used peptide:MHC II (p:I-Ab) tetramer-based enrichment (170, 

174; Fig. 2-4A) to quantify 6 different endogenous Ag-specific CD4 T-cell 

populations of varying size, clonotype composition, and immunodominance.  

CLP-treated mice showed acute reductions in all populations examined on d 2 

(consistent with the global lymphopenia) compared to sham-treated mice, but the 

numerical recovery of the different Ag-specific CD4 T-cell populations 30 d post-

CLP was asymmetric (Fig. 2-4B).  Quantitatively, the 2W1S- and Listeria LLO190-

201-specific CD4 T-cell populations were reduced in CLP- versus sham-treated 

mice, while the number of influenza A virus (IAV) NP311-325-specific CD4 T-cells 

increased in CLP-treated mice over sham mice.  In contrast, LCMV gp66-77-, HSV-

1 gD290-305-, and OVA323-339-specific CD4 T-cell populations recovered (i.e., no 

statistical difference between sham and d 30 CLP mice).  It is important to 

emphasize that the changes in the individual Ag-specific CD4 T-cell populations 

were not evident when examining bulk CD4 T-cells in an Ag-independent manner 

(Fig. 2-1).  These findings suggest that the loss of peripheral CD4 T-cells after 

sepsis-induced lymphopenia is asymmetric between the individual Ag-specific 
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CD4 T-cell populations examined, and that recovery results in the overall 

changes in the composition of the naïve CD4 T-cell pool in sepsis survivors. 

 

Incomplete naïve precursor recovery after sepsis correlates with reduced 

proliferative capacity and cytokine production during Ag-specific CD4 T-cell 

responses. 

The magnitude of an Ag-specific CD4 T-cell response after priming directly 

correlates with the size of the precursor pool.174, 187 Seeing the numerical 

changes in Ag-specific CD4 T-cell populations in CLP-treated mice, we examined 

the impact of septic injury on Ag-specific CD4 T-cell responses after secondary 

heterologous pathogen challenge (Fig. 2-5A).  To test this, we used an Ag-

specific approach to track the CD4 T-cell response to the model antigen 2W1S 

expressed in Candida albicans (C. albicans-2W1S)173.  This design allowed us to 

model an opportunistic super-infection that is common for sepsis survivors during 

convalescence 188.  When CLP-treated mice were infected with C. albicans-

2W1S on d 2 after surgery, CD4 T-cell responses were significantly reduced 

compared to sham mice (data not shown), which was not surprising given the 

dramatic reduction in CD4 T-cell numbers at this time point.  When mice were 

inoculated with C. albicans-2W1S 30 d after surgery, we still saw a significant 

reduction in the peak 2W1S-specific CD4 T-cell proliferative response in CLP-

treated mice compared to sham-treated mice given the same infection (Fig. 2-5, 
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B-C).  To see whether the pathogen used influenced the 2W1S-specific CD4 T-

cell response, sham- and CLP-treated mice were infected with 2W1S expressing 

attenuated Listeria monocytogenes (Lm-2W1S) 30 d after surgery.  Assessing 

the CD4 T-cell response to 2W1S or the endogenous LLO190-201 epitope of 

Listeria listeriolysin-O revealed significantly reduced expansion for both Ag-

specific CD4 T-cell populations in CLP-treated mice compared to sham mice 

(Fig. 2-5, D-E).  We next examined the response in Ag-specific CD4 T-cell 

populations that numerically recovered by 30 d after CLP surgery.  After infection 

with recombinant attenuated Lm-OVA (Fig. 2-5, F-G) or HSV-1 (Fig. 2-5, H-I), we 

found the quantitative expansion of OVA323-339- or HSV gD290-305-specific 88, 189 

CD4 T-cells was similar regardless of sham or CLP surgery.  We also saw no 

statistical difference in the proliferative capacity of the I-Ab/NP311-specific CD4 T-

cell population in sham- and CLP-treated mice after intranasal IAV infection (Fig. 

2-5, J-K), which was interesting since this Ag-specific CD4 T-cell population 

numerically increased after sepsis-induced lymphopenia (see Fig. 2-4).  

However, the majority of the I-Ab/NP311-specific CD4 T-cells in uninfected CLP-

treated mice adopted a memory phenotype (i.e., CD44hi - data not shown) at d 30 

post-surgery.  Recent data suggest that naïve CD8 T-cells (cognate Ag 

inexperienced) give rise to more effector CD8 T-cells than primary memory CD8 

T-cells when analyzed on a per-cell-basis after cognate infection 190.  While it 

remains to be tested if the same phenomenon is true for naïve and memory CD4 
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T-cell responses, these results suggest that the phenotype of the CD4 T-cells 

(naïve vs. ‘memory’-like), in addition to the numbers of cells present, might 

contribute to the in vivo response to cognate Ag recognition.  In summary, the 

data in Fig. 2-5 show that the proliferative capacity of an Ag-specific CD4 T-cell 

population after sepsis correlates with the degree (reduced vs. complete or 

increased) of numerical recovery of its precursor population, and the differences 

seen are intrinsic to the Ag-specific CD4 T-cell populations examined and not 

due to the pathogen used. 

We next examined the function of Ag-specific CD4 T-cell populations that 

underwent a sepsis-induced numerical reduction (2W1S-specfic) or not (OVA323-

specific) in CLP-treated mice infected with Lm-2W1S or Lm-OVA 2 or 30 d after 

surgery via in vivo peptide restimulation 172 (Fig. 2-6A), which permits evaluation 

of cytokine production by an Ag-specific CD4 T-cell population with almost no 

background (Fig. 2-6B).  There was a persistent reduction in frequency and 

number of IFNγ+ (Fig. 2-6C) or TNFα+ IFNγ+ (Fig. 2-6D) 2W1S-specific CD4 T-

cells in CLP-treated mice compared to sham controls.  In contrast, there was no 

difference in frequency or number of IFNγ+ or TNFα+ IFNγ+ OVA323-339-specific 

CD4 T-cells (Fig. 2-6, E-G).  Since CD4 T-cells can adopt different effector 

phenotypes based on the pathogen encountered, we examined the function of 

total and 2W1S-specific CD4 T-cells after an epicutaneous C. albicans-2W 

infection that primes for a Th17 response (Fig. 2-7A) 173, 191, 192.  There was no 
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significant difference in the frequency and number of IL-17A+ CD4 T-cells from 

sham and CLP-treated mice after PMA/ionomycin stimulation (Fig. 2-7, B-C).  

Significant reductions in the frequency and number of 2W1S-specific CD4 T-cells 

from CLP-treated mice making IL-17A were seen, however, after stimulation (Fig. 

2-7,B-D).  Together, these data demonstrate that (at least) for 2W1S-specific 

CD4 T-cells, sepsis leads to fewer naïve precursors with a reduced capacity to 

proliferate and make effector cytokines (on a per cell basis) following antigenic 

stimulation. 

 

Sepsis alters T-cell receptor clonotype composition. 

Data in Fig. 2-1 and 2-2 suggested one means by which CD4 T-cells recover 

from sepsis-induced lymphopenia is via homeostatic proliferation.  However, 

homeostatic proliferation is limited in that it can only recreate the peripheral T-cell 

pool from the available diversity.  Given that changes have been detected in T-

cell repertoire diversity in septic patients 123, we analyzed TCRβ variable chain 

isotype (TCR Vβ) frequencies within the total and 2W1S-specific CD4 T-cell 

populations to determine the extent to which sepsis affects clonotype diversity.  

Due to the technical limitation of analyzing naïve Ag-specific CD4 T-cell 

populations of <200 cells, we used a method to approximate clonotype diversity 

of an Ag-specific CD4 T-cell population where excess peptide Ag was injected 

intravenously 174, and the resultant expansion of Ag-specific CD4 T-cells was 
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examined 3 d later via p:MHC II tetramer enrichment.  To maximize Vβ 

identification within the Ag-specific population, we used TCR Vβ-specific mAb 

multiplexed into 2 flow cytometry panels (Fig. 2-8A).  Similar to previous data 114, 

we did not detect significant changes in the TCR Vβ clonotypes when examined 

at the total CD4 T-cell population level (Fig. 2-8, B-C).  While Vβ distribution of 

2W1S-specific CD4 T-cells in sham-treated mice was consistent with previous 

data 174, a skewing in a number of 2W1S-specific CD4 T clonotypes (specifically, 

Vβ2, Vβ5.1/5.2, Vβ6, Vβ8.1/8.2, and Vβ10b) from CLP-treated mice was seen 

(Fig. 2-8, B & D).  These data show that an Ag-specific CD4 T-cell population 

that is numerically truncated in a post-sepsis host after recovery also has altered 

clonal diversity (based on TCR Vβ usage), which could contribute to the 

reduction in subsequent function of Ag-specific CD4 T-cells. 
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IV. Discussion 

Sepsis currently represents an unmet challenge in medicine.  Despite modern 

intensive care practices, mortality from sepsis holds at 30-50% 193.  Patients 

surviving a septic event often have suppressed immune function, a state that is 

thought to contribute to the increased susceptibility to (and mortality from) 

secondary nosocomial infections.  A number of studies have examined the 

numerical and functional changes of various immune cell subsets after sepsis, 

but they have done so at the total population level.  The goal of this study was to 

analyze the quantitative and qualitative changes in CD4 T-cells, but at the level 

of Ag-specific populations, which permits a more rigorous and sensitive analysis 

of how these cells perform under various immunological settings.  With this in 

mind, we have for the first time (to our knowledge) performed quantitative and 

qualitative analyses of multiple Ag-specific CD4 T-cell populations in septic mice, 

before and after secondary heterologous infections.  Our data demonstrate that a 

septic event induces deletion within each endogenous Ag-specific CD4 T-cell 

population examined, and that this event is followed by a recovery of the Ag-

specific repertoire in an irregular, or asymmetric, fashion.  Moreover, our results 

show that sepsis-induced numerical changes to certain Ag-specific CD4 T-cell 

populations can affect the function of the cells in question during the subsequent 

response to a pathogenic challenge. 
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Similarly, there has been limited investigation into the mechanism(s) 

behind lymphocyte recovery after a septic event.  The sole publication (excepting 

our previous report) examining the process of CD4 T-cell recovery following 

septic injury suggested that CD4 T-cells did not undergo homeostatic 

proliferation during recovery from sepsis 114.  This conclusion was largely 

reached by adoptively transferring a large number of TCR-tg CD4 (OT-II) T-cells 

into septic mice 7 d after surgery.  Even though these cells were introduced into 

a lymphopenic environment, it could be argued that since these CD4 T-cells did 

not “experience” the septic event any T-cell-intrinsic changes that occur during 

sepsis would not be present in these cells.  Furthermore, it is clear that adoptive 

transfer experiments that utilize nonphysiologically large input numbers of TCR-

tg T-cells do not accurately recapitulate the endogenous Ag-specific T-cell 

response 194.  In contrast, the similar recovery of CD4 T-cell numbers in 

thymectomized and euthymic mice, along with the similar rates of BrdU 

incorporation in CD4 T-cells of CLP-treated euthymic and thymectomized mice 

alike suggest CD4 T-cells do indeed undergo homeostatic proliferation after 

septic injury.  Unsinger et al. then went on to show increased frequencies of CD4 

T-cells in septic mice with “activated” (CD69+) and “memory” (CD44hi CD62Llo) 

phenotypes 114, leading them to suggest that the majority of activated and 

memory CD4 T-cells arise from endogenous sources.  Our data in Fig. 2-2 and 2-

3 are consistent with these findings by Unsigner et al., but extend them to identify 
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cells with phenotypes consistent with “homeostatic proliferation” for both 

endogenous CD4 T-cells and adoptively transferred TCR-tg CD4 T-cells 113, 183.  

It remains to be determined what the driving factor(s) is for the numerical 

recovery of CD4 T-cells after sepsis.  In addition to recovery by homeostatic 

proliferation, it is likely that some CD4 T-cell populations respond directly to 

antigenic epitopes present in the proteins expressed by the various commensal 

bacterial species within the gut or to self-Ag, leading to a difference in functional 

potential compared to those CD4 T-cells truly undergoing Ag-independent 

homeostatic proliferation.  The cecum contains a high concentration of microbes 

that are a combination of Gram-positive and Gram-negative bacterial species, 

and the Ag expressed by these bacteria can be recognized by T-cells and can 

drive effector responses – despite being commensal bacteria 195.  It is tempting to 

speculate that the above-normal numerical recovery in the I-Ab/NP311-specific 

CD4 T-cell population in CLP-treated mice is due to direct antigenic stimulation 

as a result of cross-reactivity with some yet-to-be defined epitope expressed by 

the gut commensal bacteria, especially since the majority of I-Ab/NP311-specific 

CD4 T-cells in CLP-treated mice were also CD44hi (data not show).  As a result, 

this population of cells could be considered a ‘memory’ population with different 

functional characteristic, such as producing fewer effectors after influenza 

infection 190, over true ‘naïve’ cells.  The bacterial constituents of the gut 

microbiome are unique to each individual (especially humans), and can be 



  

  50 

strongly influenced by a variety of factors 196.  Consequently, the extent of 

recovery and function of a particular Ag-specific T-cell population after a septic 

event can be easily different as a result of the intestinal “health” of the individual, 

regardless of possible genetic similarities (e.g., same mouse strain from different 

vendors).  As reagents become available to track CD4 T-cell populations specific 

to Ag expressed by specific gut commensal bacteria, it will be interesting to 

investigate the potential impact of this component of polymicrobial sepsis on the 

recovery and function of such Ag-specific CD4 T-cell populations in septic mice.  

When examined at the bulk CD4 T-cell level, our data are consistent with 

a number of other studies demonstrating sepsis-induced changes in the basic 

numerical and functional characteristics of CD4 T-cells.  It is important to 

emphasize that the sepsis-induced changes in the different Ag-specific CD4 T-

cell populations would not have been identified had we examined CD4 T-cells as 

a whole.  This includes the changes in naïve precursor numbers, proliferative 

capacity, and cytokine production by the different Ag-specific populations.  While 

we recently showed that sepsis significantly deceases the Ag sensitivity of 

memory CD8 T-cells 177, it remains to be determined to what extent Ag sensitivity 

is affected in naïve or memory Ag-specific CD4 T-cell populations.  In addition, 

TCR Vβ repertoire usage on CD4 T-cells from sham- and CLP-treated mice was 

also investigated previously, where the authors found no skewing of the 

repertoire toward one particular Vβ subtype 114.  However, this conclusion was 
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based on analyzing bulk CD4 T-cells.  Just as we only observed stochastic 

changes in the number of naïve CD4 T-cells when we examined Ag-specific CD4 

T-cell populations using p:MHC II tetramers, alterations in Vβ repertoire usage 

after sepsis were observed when examining the endogenous 2W1S-specific CD4 

T-cell population.  We realize that the method for examining Vβ repertoire usage 

required in vivo 2W1S56-68 peptide immunization to expand this Ag-specific 

population of cells, but it is important to emphasize that this technique results in 

an expanded T-cell population that is reflective of the clonotype diversity of the 

naïve starting population 174.  Even after the expansion, 2W1S:I-Ab tetramer 

enrichment and the multiplexed flow cytometry panel of Vβ-specific mAb were 

needed to complete the analysis of the endogenous 2W1S-specific CD4 T-cell 

population.  These results show the power of using these reagents and 

techniques to analyze small numbers of endogenous Ag-specific CD4 T-cell 

populations. 

Pools of Ag-specific CD4 T-cell “precursors” are maintained in the 

periphery by frequent, low-level signals from self-Ag:MHC II and cytokines (most 

notably, IL-7 for naïve CD4 T-cells 110 and IL-15 for naïve CD8 T-cells 111).  The 

increased availability of these resources turns survival signals into mitogenic 

stimuli that restores T-cell numbers through proliferative expansion in situations 

where T-cell numbers drop acutely 112.  With this in mind, there is considerable 

effort being spent identifying therapeutic strategies designed to enhance T-cell 
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recovery and function after sepsis, and the administration of agents that promote 

lymphocyte proliferation (e.g., IL-2, IL-7, and IL-15 141, 142, 143) or block the 

function of inhibitory molecules (e.g., PD-1 144, 145 and CTLA-4 146) are producing 

encouraging results.  For example, administration of IL-7 to septic mice shortly 

after sepsis induction can prevent T-cell apoptosis and restore function 142, 143.  

Moreover, disruption of the PD-1:PD-L1 signaling pathway improves survival in 

animal models of sepsis 153, 154, and reverses T-cell exhaustion in sepsis patients 

144.  Additional work is needed to determine the impact of such therapies at the 

level of Ag-specific T-cell populations where, even if apparently subtle, 

physiologically meaningful changes may actually be present. 

In the current study, we have assessed CD4 T-cell function after sepsis 

primarily within the context of a “Th1” response, but it is important to emphasize 

that sepsis likely affects other CD4 T-cell subsets needed for a variety of other 

immunological responses.  For example, Th1 cells also provide necessary 

signals for B cell isotype switching 55, and IL-4 from Th2 cells also facilitates B 

cell isotype switching to IgG1 and IgE 57.  Th17 cells are important in immunity to 

extracellular fungal and bacterial pathogens 58, and we saw a reduction in the 

Th17 response when using a secondary epicutaneous C. albicans after sepsis 

(Fig 2-6).  Thus, the loss or improper function of CD4 T-cell responses is 

detrimental for immunity to a wide range of pathogens, especially those that 

frequently cause secondary infections in septic patients.  In addition to the 
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different “effector” CD4 Th subsets, CD4+CD25+FoxP3+ regulatory T-cells (Treg) 

have been found at an increased frequency in septic patients, especially early 

after diagnosis 101, 126, 127.  It was subsequently determined that the increased 

frequency of Treg was the consequence of decreases in the effector CD4 T-cell 

populations 80, suggesting that Treg are more resistant to sepsis-induced 

apoptosis than conventional CD4 T-cells 28.  Regardless, the role of Treg cells in 

the immunosuppression after sepsis has not been rigorously investigated and 

merits study.  We also realize that the sepsis-induced alterations in the Ag-

specific CD4 T-cell populations we examined could be due to CD4 T-cell-intrinsic 

and/or –extrinsic factors.  As CD4 T-cells stimulation require Ag presentation 

from professional APC, changes in the number and/or function of DC could 

contribute to the observed modulation in CD4 T-cell function 197, 198, 199. 

The development and integration of a number of reagents and techniques 

over the last decade has permitted the characterization of Ag-specific 

endogenous naïve and memory T-cell responses to a handful of experimental 

bacterial (such as L. monocytogenes) or viral (such as LCMV) pathogens in 

exquisite detail.  These features have given us the ability to track the quantity 

and quality of endogenous CD4 T-cells reactive to antigenic epitopes within 

these pathogens.  Yet, one weakness of these (and other well-characterized) 

experimental pathogens is that they are typically not seen as nosocomial 

infection threats for septic patients.  Most septic patients potentially face 
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complications arising from secondary infection by the extracellular pathogens 

Candida, Pseudomonas, and Staphylococcus 188, 200, 201, and these pathogens 

have been used most often to examine alterations in animal survival in 

experimental models of sepsis.  It is important to keep in mind that our use of 

Lm-2W for most of the studies was to take advantage of the wealth of information 

known regarding the infectivity/pathogenicity of this pathogen, the characteristic 

CD4 T-cell response that it elicits, and the availability of reagents to critically 

investigate different aspects of this response.  Moreover, while our analysis of 

sepsis-induced alterations in the responsiveness of 2W1S-specific CD4 T-cells 

was largely performed after secondary infection with attenuated Lm-2W, we 

found similar reductions in proliferative capacity of 2W1S-specific CD4 T-cells 

after infection with C. albicans-2W (Fig. 2-4).  These data serve as a starting 

point for future studies using pathogens that commonly plague sepsis patients 

once the reagents are developed to following CD4 T-cell populations that are 

specific for Ag within these pathogens. 

In summary, the data we presented here elucidates with detail how CD4 

T-cells are affected by sepsis.  Our results reveal that after a septic event the 

recovery of individual Ag-specific CD4 T-cell populations is skewed, which is an 

observation that is not evident when examining the bulk CD4 T-cell pool.  In 

addition, we show that an incomplete recovery of the Ag-specific T-cell repertoire 

after sepsis stems from the attrition of Ag-specific TCR diversity, and that this 
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phenomenon correlates with altered CD4 T-cell responses long after sepsis.  

Ultimately, this study increases our collective understanding of why septic 

patients more easily acquire secondary infections. 
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FIGURE 2-1.  Numerical recovery of CD4 T-cells after cecal ligation and puncture (CLP)-
induced sepsis occurs by a thymus-independent mechanism.   
A. Kaplan-Meier survival curve of experimental cohorts after undergoing sham or CLP surgery.  
B. Number of CD4 T-cells in spleen and inguinal lymph nodes (pLN) on d 2 and 30 after sham or 
CLP surgery.  C. Thymectomized and euthymic mice underwent CLP surgery, and the number of 
CD4 T-cells in the peripheral blood was measured over time.  D. Thymectomized and euthymic 
mice underwent sham or CLP surgery.  BrdU was injected i.p. 6 d later, and the frequency of 
peripheral blood CD4 T-cells incorporating BrdU was determined 24 h later.  Statistical 
significance was determined using Mann-Whitney U test (A) or one-way ANOVA (B-D) with 
multiple-testing correction using the Holm-Sidak method, and α = 0.05, when deemed 
appropriate.  **** p < 0.001; *** p < 0.005; * p < 0.05; and n.s. – not significant.  Data shown are 
representative of at least 2 independent experiments of 4-5 mice/group in each experiment. 



  

  57 

 

 

FIGURE 2-2.  Numerical recovery of CD4 T-
cells after sepsis is accompanied by the 
acquisition of an “Ag-experienced” 
phenotype in an Ag-independent manner.   
A. The phenotype of CD4 T-cells in the spleen 
was assessed 30 d after sham or CLP surgery.  
Representative flow cytometry plots depicting 
CD11a/CD49d and CD44/CD127 expression in 
CD4 T-cells 30 d after sham or CLP surgery.  B. 
Frequency of CD11ahi CD49dhi and CD44h 

CD127hi CD4 T-cells 2 and 30 d after sham or 
CLP surgery.  C. Salmonella FliC447-458-specific 
Sm1 (CD90.1/CD90.1; 5 x 105/mouse) and 
LCMV gp61-77-specific SMARTA 
(CD90.1/CD90.2; 106/mouse) CD4 T-cells were 
adoptively transferred together into naïve 
CD90.2 B6 mice 1 d before sham or CLP 
surgery.  After 30 d, the frequency of CD11ahi 

CD49dhi endogenous CD90.2/CD90.2 CD4 T-
cells and adoptively transferred TCR-tg CD4 T-
cells was determined.  Statistical significance 
was determined using one-way ANOVA with 
multiple-testing correction using the Holm-Sidak 
method, and α = 0.05, when deemed 
appropriate.  **** p < 0.001; ** p < 0.01; * p < 
0.05; and n.s. – not significant.  Data shown are 
representative of at least 2 independent 
experiments of 4-5 mice/group in each 
experiment. 
 

 

3 4 5

0

103

104

105 30.1

3 4 5

0

103

104

105 11.9

CD
49

d

CD11a

A.

24.513.3

CD
44

CD127

Sham CLP +30d

Sham CLP +30d

Host

Sham CLP
0

10

20

30

40

%
CD

49
dhi

 C
D

11
ahi

of
 C

D
4+  T

 c
el

ls

*
Sm1

Sham CLP
0

5

10

15

20

25
**

SMARTA

Sham CLP
0

10

20

30 **

C.

CD44hiCD127hi

+2d +30d +2d +30d
0

10

20

30

40 Sham
CLP

Spleen pLN

****

**ns
ns

CD11ahiCD49dhi

+2d +30d +2d +30d
0

10

20

30

%
 o

f C
D

4+
 T

 c
el

ls

Spleen pLN

****

*ns

ns

B.
Sham
CLP



  

  58 

WT

Sh +30d
0

5

10

15

20

25
****

%
C

D
49

dhi
C

D
11

ahi
 o

f C
D

4+ IL15-/-

Sh +30d
0

10

20

30

40
**

IL7-/-

Sh +30d
0

20

40

60

ns

A. B.

Host SM1

5

10

15

20

25

30

35

**

ns

ns

*

Sham
CLP +30d
CLP (IL7-KO)

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 2-3. IL-7 (but not IL-15) is required for acquisition of Ag-experienced-like phenotype 
after sepsis. 
A. The phenotype of CD4 T-cells in the spleen was assessed 30 d after sham or CLP surgery. 
Plots show the frequency of CD11ahi CD49dhi 2 and 30 d after sham or CLP surgery. B, 
Salmonella FliC447-458-specific Sm1 (CD90.1/CD90.1; 5 x 105/mouse) CD4 T-cells were adoptively 
transferred together into naïve or IL-7 deficient, CD90.2 B6 mice 1 d before sham or CLP surgery.  
After 30 d, the frequency of CD11ahiCD49dhi endogenous CD90.2/CD90.2 CD4 T-cells and 
adoptively transferred TCR-tg CD4 T-cells was determined.  Statistical significance was 
determined using one-way ANOVA with multiple-testing correction using the Holm-Sidak method, 
and a = 0.05, when deemed appropriate.  **** p < 0.001; ** p < 0.01; * p < 0.05; and n.s. – not 
significant.    
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FIGURE 2-4.  Numerical 
recovery of CD4 T-cells 
after sepsis is 
accompanied by 
stochastic changes in 
Ag-specific repertoire 
heterogeneity.  
 Mice underwent sham or 
CLP surgery, and the 
number of Ag-specific CD4 
T-cells specific for I-E α-
chain 2W1S56-68, L. 
monocytogenes LLO190-201, 
influenza A virus NP311-325, 
LCMV gp66-77, HSV gD290-

302, and OVA323-339 was 
determined 2 and 30 d 
later using p:MHC II 
tetramer enrichment.  A. 
Representative flow plots 
showing gating strategy 
used in tetramer-enriched 
cell fractions to detect the 
frequency of Ag-specific 
CD4 T-cell populations.  
Shown is an example used 
to detect gD290:I-Ab-specific 
CD4 T-cells.  Gating for 
tetramer-specific cells set 
was determined by using 
CD8 T-cells as an internal 
negative control for p:MHC 
II tetramer binding.  B. 
Number of Ag-specific, 
naïve CD4 T-cell 
precursors across the 6 
epitopes in sham- and 
CLP-treated mice 2 or 30 d 

after surgery.  Statistical significance was determined using group-wise, one-way ANOVA with 
multiple-testing correction using the Holm-Sidak method, and α = 0.05.  **** p < 0.001; and n.s. – 
not significant.  Data shown are the combined results from 2-4 independent experiments per 
population analyzed, with 3-5 mice/group in each experiment. 
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FIGURE 2-5.  Expansion of epitope-specific populations correlates with precursor pool 
recovery after septic injury.   
A. Experimental design.  Mice were infected with 2W1S-expressing C. albicans (C. albicans-2W; 
5x104 yeasts in 100 µl i.v.), attenuated 2W-expressing L. monocytogenes (Lm-2W; 107 CFU in 
100 µl i.v.), or HSV-1 (2.5x104 PFU in in 100 µl i.v.) 30 d after sham or CLP surgery.  After 
another 7-9 d, the frequency and number of Ag-specific CD4 T-cells was determined in the 
spleen.  B-C. Representative flow plots showing the frequency (B) and number (C) of 2W1S56-
specific CD4 T-cells in the spleens from sham- and CLP-treated mice 7 d after i.v. infection with 
C. albicans-2W.  D-E. Representative flow plots showing the frequency (D) and number (E) of 
LLO190- and 2W1S56-specific CD4 T-cells in the spleens from sham- and CLP-treated mice 7 d 
after i.v. infection with Lm-2W.  F-G. Representative flow plots showing the frequency (F) and 
number (G) of OVA323-specific CD4 T-cells in the spleens from sham- and CLP-treated mice 7 d 
after i.v. infection with Lm-OVA.  H-I. Representative flow plots showing the frequency (H) and 
number (I) of gD290-specific CD4 T-cells in the spleens from sham- and CLP-treated mice 9 d 
after i.v. infection with HSV-1.  Statistical significance determined with group-wise, one-way 
ANOVA followed by multiple-testing correction using the Holm-Sidak method, with α = 0.05.  ** p 
< 0.01; * p < 0.05; and n.s. – not significant.  Data shown are the combined results from 2-4 
independent experiments per pathogen tested, with 3-5 mice/group in each experiment. 
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FIGURE 2-6.  Inadequate recovery of precursor population correlates with inadequate CD4 
T-cell function after pathogen challenge.   
A. Experimental design.  Mice were infected with attenuated 2W- or OVA-expressing L. 
monocytogenes (Lm-2W or Lm-OVA; 107 CFU in 100 µl i.v.) 2 or 30 d after sham or CLP surgery.  
After another 7d, the mice were injected i.v. with 100 µg 2W1S56-68 or OVA323-339 peptide.  
Spleens were harvested 2 h later, and the frequency and number of IFNγ+ or TNFα+IFNγ+ 
CD44+2W:I-Ab+ or OVA323:I-Ab+ CD4 T-cells was determined.  B. Representative flow plots of 
intracellular IFNγ and TNFα detection in the CD44+2W:I-Ab+ CD4 T-cells after in vivo peptide 
restimulation.  Plots show cells gated from internal control populations (CD44lo2W:I-Ab- CD4 T-
cells) denoted as background (“BKG”) or 2W:I-Ab-enriched CD4 T-cells from sham- or CLP-
treated mice.  C-D.  Frequency and number of CD44+2W:I-Ab+-specific CD4 T-cells in the spleen 
producing IFNγ (C) or TNFα and IFNγ (D).  E. Representative flow plots of intracellular IFNγ and 
TNFα detection in the CD44+OVA323:I-Ab+ CD4 T-cells after in vivo peptide restimulation.  Plots 
show cells gated from internal control populations (CD44loOVA323:I-Ab- CD4 T-cells) denoted as 
background (“BKG”) or OVA323:I-Ab-enriched CD4 T-cells from sham- or CLP-treated mice.  F.  
Frequency and number of CD44+ OVA323:I-Ab+-specific CD4 T-cells in the spleen producing TNFα 

and IFNγ. **** p < 0.001; *** p < 0.005; and ** p < 0.01.  
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FIGURE 2-7. Ag-specific CD4 T-cells have functional deficits in Th17-polarized responses.  
A. Experimental design. On d 30 after sham or CLP surgery, mice were infected epicutaneously 
with 2W1S-expressing C. albicans (C. albicans-2W; 108 yeasts in 50 µl). After 7 d, lymphocytes 
obtained from the skin-draining (inguinal, brachial, axillary and cervical) LN of infected mice were 
stimulated for 4 h with PMA/ionomycin. The stimulated samples were enriched for 2W1S-specific 
CD4 T-cells and production of IFNγ and IL-17A was assayed by flow cytometry. B. 
Representative flow plots showing the gating strategy to identify IL-17A+IFNγ- cells within bulk 
and 2W:I-Ab-specific CD4 T-cells. C-D. Frequency and number of IL-17A+ in bulk (C) and 2W1S-
specific CD4 T-cells (D) in infected sham- or CLP-treated mice. Statistical significance was 
determined using Welch’s t-test. ** p < 0.01; * p < 0.05; and n.s. – no significance. 
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FIGURE 2-8.  Sepsis alters the T-cell receptor clonotype composition of Ag-specific CD4 T-
cell population.   
A.  Experimental design.  Mice were injected i.v. with 50 µg 2W56-68 peptide (along with LPS) 30 d 
after sham or CLP surgery.  Splenocytes were harvested 4 d later and tetramer-enriched as 
previously described.  The resultant sample was then used to determine the clonotype 
composition using two multiplexed flow cytometry panels consisting of the indicated murine TCR 
Vβ mAb. Representative flow plots showing the gating strategy to identify Vβ usage on 2W:I-Ab-
specific CD4 T-cells using TCR panel #1.  B. Usage profile for TCR Vβ gene segments in total 
2W:I-Ab-specific CD4 T-cells from 3 representative individual sham- or CLP-treated mice.  C. 
Average frequency of TCR Vβ of bulk CD4 T-cells in sham- or CLP-treated mice. D. 2W:I-Ab-
specific CD4 T-cells in sham- or CLP-treated mice.  Statistical significance was determined using 
group-wise, one-way ANOVA analyses followed by Holm-Sidak correction with α = 0.05.  ** p < 
0.01; and * p < 0.05.  Data are combined from 2 independent experiments, each having 5 
mice/group. 
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A newly identified modulator of T-cell repertoire diversity is the gut microbiome. Despite its 

importance, there have been no studies analyzing the effect that microbial populations have in T-

cell numerical recovery after sepsis. We sought to evaluate the impact of commensal bacterial 

antigens (Ag) in the recovery of CD4 T-cells after lymphopenia, using a CLP sepsis model as an 

example of transient lymphopenia. Mice colonized with segmented filamentous bacteria (SFB) 

underwent CLP or sham surgery alongside controls devoid of SFB. 30d post surgery, the 

survivors were challenged with L.monocytogenes carrying an SFB epitope (Lm-SFB). Colonized, 

CLP-treated animals showed greater survival than sham-treated mice, had reduced pathogen 

burden, and superior expansion of I-Ab/3340-specific CD4 T-cells when compared to cohorts of 

SFB-free mice receiving the same surgery and pathogen challenge. These results were 

recapitulated with SFB-free animals that were colonized by co-housing, and were not 

reproducible in hosts where mAb depletion of CD4 T-cells was used as a model of transient 

lymphopenia. Our results show the importance of microbial populations in the recovery of T-cell 

diversity after sepsis-induced lymphopenia, and suggest that gut commensal membership can 

change the heterogeneity and the function of Ag-specific CD4 T-cells during numerical recovery.  
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Introduction 

The human body harbors an immense population of harmless bacteria that 

colonize the gastrointestinal tract. We live in relative harmony with these 

organisms, and it is now evident that intestinal immunity requires—or is 

dependent on—the gut ‘microbiome’.  By ‘herding’ this biomass of bacteria, and 

using active immune surveillance of the antigens released, our enteric immune 

system ensures the maintenance of homeostasis and prevents detrimental 

bacterial dissemination from the intestinal lumen to sterile internal organs. 

Despite this evolutionary co-existence between microbiome and host, the high 

load of non-self antigen (Ag) found in the gut lumen is a challenge to mucosal 

lymphocytes and one that is still very much actively investigated in settings of 

health and disease.  

 

CD4 T-cells are essential to gut immune responses and are found in large 

quantities in the lamina propria of the intestine. Evidence from the last decade 

implicates the microbiome as essential in the formation of tolerogenic and 

immunocompetent CD4 T-cell responses, CD4 T-cell homeostasis, and 

repertoire determination. This is highly significant, since dysfunctional CD4 T-

cells have been implicated in the inflammatory and immunosuppressive sequelae 

of sepsis, a condition that kills 300,000 patients per year. As the course of sepsis 

progresses, there is massive apoptotic death of peripheral lymphocytes202 and a 
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drastic reduction in the repertoire diversity of T-cells203. Researchers and 

clinicians have therefore traditionally assumed that intestinal commensals have a 

detrimental role during sepsis, although a detailed understanding of the effect of 

commensal microbiota on systemic CD4 T-cell responses after sepsis has yet to 

be provided.  

 

One of the bacterial populations inhabiting the intestinal murine microbiome that 

has received a great deal of attention in host-commensal interactions is 

Candidatus Arthromitus, or Segmented Filamentous Bacteria (SFB).204, 205, 206, 207 

SFB is known to colonize the small intestine of C57/B6 mice from Taconic Farms 

(B6NTc), but not of B6 mice from The Jackson Laboratory’s colony (termed 

B6J),205 and is a potent inducer of Th17 responses.208 Recently, Yang and 

colleagues described a novel antigen (Ag) recognized by a population of CD4 T-

cells (SFBNYU_003340, or 3340)207 expressed by SFB. In this study, we set out 

to evaluate the impact of commensal bacterial Ag in the recovery of CD4 T-cells 

after sepsis-induced lymphopenia, using a cecal-ligation-and-puncture (CLP) 

sepsis model as an example of iatrogenic lymphopenia. Our results suggest that 

gut commensal membership can change the heterogeneity and the function of 

Ag-specific CD4 T-cells after sepsis. The implications of these findings are 

discussed. 



  

  68 

Materials and Methods 

 

Mice 

C57BL/6 (B6) mice were purchased from The National Cancer Institute (B6NCI), 

The Jackson Laboratory (B6J) and Taconic Farms (B6NTac). Animals were 

housed in the same facilities for at least 4 weeks, regardless of their source. For 

co-housing experiments, B6J mice were co-housed for at least 4 weeks with 

B6Tac. Procedures were performed according to National Institutes of Health 

guidelines and approved by the Minneapolis VA Healthcare System Institutional 

Animal Care and Use Committee.  In all of the in vivo experiments described, 

groups consisted of three or more animals, and experiments were repeated at 

least two times with similar results before reporting. 

 

Segmented Filamentous Bacteria Detection. 

The presence, absence or horizontal transfer of SFB was confirmed by PCR. 

Briefly, fecal pellets were processed using the MoBio Soil DNA purification kit 

(Maryland,?), and the purified samples were subjected to qPCR with SFB- and 

eubacteria-specific primers, as previously described205. Primers were obtained 

from ???? (xxxx, TX). 
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Experimental Pathogens and infections 

SFBNYU_003340-expressing or NP311-325–expressing, ActAΔ L. 

monocytogenes (∆ActA Lm-SFB or Lm-NP311) was grown and injected as 

previously described (1x107 CFU/mouse)165. Virulent Lm strain 10403S-inlAm 

expressing the full-length SFBNYU_003340 Ag (Lm-3340) was also grown as 

described originally207 and given intravenously to recipients (5x103 

CFU/mouse); Lm-3340 was generously provided by Dr. Dan Littman (New York 

University). Intravenous challenges using 0.1 ml injection volumes were used for 

all of the inoculants described.  Infected mice were housed under the appropriate 

biosafety level. 

 

 

Tetramers and peptides 

I-Ab/3340-A6, LLO190-201, 2W1S56-63, gp66-77 and OVA323-329 tetramers were a kind 

gift from Drs. T. Dileepan and M. Jenkins (University of Minnesota).  Biotinylated 

soluble I-Ab molecules containing influenza A virus nucleoprotein (NP)311-325 

(QVYSLIRPNENPAHK) peptides 209, 210 covalently attached to the I-Ab beta 

chain, were produced with the I-Ab alpha chain in Drosophila melanogaster S2 

cells, then purified, and made into tetramers with streptavidin (SA)-phycoerythrin 

(PE; Prozyme) or SA-allophycocyanin (APC; Prozyme) as previously described 
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170, 174.  Peptides used to elicit cytokine production or test Ag-specific functional 

affinity were all synthesized by Bio-Synthesis (Louisville, TX). 

 

Cecal ligation and puncture 

Septic injury was induced by cecal ligation and puncture (CLP)211. Briefly, mice 

were anesthetized and the abdomen was shaved, disinfected, and a midline 

abdominal incision was made.  The distal third of the cecum was ligated with 4–0 

silk suture and punctured once using 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 (Vet 

Bond, 3M, St. Paul, MN).  Saline (1 ml) was provided subcutaneously following 

the procedure for resuscitation, Bupivacaine was administered at the incision 

site. This level of injury was used to create a chronic septic state characterized 

by the loss of appetite and body weight, ruffled hair, shivering, diarrhea, and/or 

periorbital exudates, and with a 5-10% mortality rate.  Sham-treated mice 

underwent the same procedure excluding cecal ligation and puncture. 

 

Quantitation of endogenous Ag-specific CD4 T-cell populations using 

peptide:MHC II tetramer based-enrichment 

To quantify the number of Ag-specific CD4 T-cells within the spleens of sham or 

CLP mice, a tetramer-based enrichment protocol using peptide:I-Ab tetramers 
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was employed.  Briefly, spleens were harvested for each mouse analyzed, a 

single-cell suspension was prepared, and APC- and PE-conjugated tetramers 

were added at a 1:400 dilution in tetramer staining buffer (PBS containing 5% 

BCS, 2mM EDTA, and 50µΜ 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 cold FACS Buffer.  The tetramer-stained 

cells were then resuspended in 0.2 ml FACS Buffer, mixed with 0.05 ml of both 

anti-APC and –PE mAb-conjugated magnetic microbeads (Miltenyi Biotech), and 

incubated in the dark on ice for 30 min.  The cells were washed and resuspended 

in 3 ml cold FACS Buffer and passed over a MACS separation column (Miltenyi 

Biotech) to enrich for the tetramer-specific cells.  Columns were washed three 

times with 3 ml cold FACS buffer, before eluting the bound fraction with 5 ml cold 

FACS buffer.  The resulting enriched fractions were then 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). In order to calculate the total number of Ag-specific CD4 T-

cells in the spleen, the % tetramer-positive events was multiplied by the number 

of cells found in the enriched fraction. 
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CD4 T-cell assays 

In vivo peptide stimulation was used to determine Ag-specific CD4 T-cell function 

by intracellular cytokine production, as previously described171, 172.  Briefly, 

infected mice were injected i.v. with 100 µg of the appropriate peptide.  After 2 h, 

spleens were harvested in media containing 10 µg/ml brefeldin A.  The resulting 

cell suspensions were fixed, permeabilized, and stained with anti-IFNγ and anti-

TNF mAb. For intracellular cytokine staining, the cells were restimulated with 

phorbol 12-myristate 13-acetate (PMA) (Sigma, 20  ng  ml−1) and ionomycin 

(Sigma, 0.5  µg  ml−1) for 4  h. Brefeldin-A was added during the last 3  h of 

restimulation. 

 

Targeted CD4 lymphopenia 

Transient lymphopenia was induced by single injection of low dose (25µg) of 

purified anti-CD4 mAb (GK1.5), and confirmed by analysis of the frequency of 

CD4 T cells in the blood on d0, d3 and d33 after mAb treatment. 25µg of SFR8 

mAb (cIg) were also administered to mice belong to control group. Blood draws 

on d0, d3 and d33 were used in order to confirm the lack of depletion. All mAbs 

were injected intraperitoneally, and CD4 frequencies were examined using a 

separate anti-CD4 mAb clone (RM4-5). 
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Flow cytometry 

Cells were incubated with fluorochrome-conjugated mAb at 4°C for 30 min and 

washed with FACS buffer (PBS containing 2% BCS and 0.2% NaN3).  For some 

experiments, the cells were then fixed with PBS containing 2% 

paraformaldehyde.  For intracellular staining, cells were permeabilized following 

surface staining using the transcription factor staining kit (eBioscience, San 

Diego, CA), 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 both surface and intracellular stainings were as follows: 

Horizon™ V500 Thy1.2 (clone 53-2.1; BD Biosciences), Brilliant Violet™ (BV) 

510 and FITC CD3 (clone 17A2; BioLegend), BV421 and BV605 CD4 (clones 

GK1.5 and RM4-5; BioLegend), BV650 CD8 (clone 53-6.7; BioLegend), 

AlexaFluor®700 CD44 (clone IM7; BioLegend), BV421 IL17A (clone TC11-

18H10.1; BioLegend), APC and BV650 IFNγ (clone XMG1.2; BioLegend), The 

rest of the mAb used were from eBioscience: PerCP-Cy5.5 B220 (clone RA3-

6B2) CD11b (clone M1/70) CD11c (clone N418) F4/80 (clone BM8); FITC FoxP3 

(clone FJK-15S), FITC and PE-Cy7 CD11a (clone M17/4), and FITC TNFα (clone 

MP6-XT22). FlowJo X (TreeStar) was used for analysis of samples acquired on 

an LSR II flow cytometer (BD). 
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Results 

Pre-colonization with SFB alters CD44 expression among I-Ab/3340-specific CD4 

T-cells, but the precursor pool size is similar to SFB-free animals. 

CD4 T-cell loss and recovery during sepsis leads to a reduction in antigenic 

diversity of the peripheral CD4 T-cell repertoire.211 In order to examine how 

commensal Ag modulates that loss and recovery, we combined the use of SFB 

colonization and I-Ab tetramer-based enrichment techniques on I-Ab/3340-

specific CD4 T-cells in mice from Taconic farms (colonized with SFB; B6NTac) or 

The Jackson Laboratory (B6J, devoid of SFB; Fig. 3-1B). As an internal control, 

we examined the frequency of I-Ab/2W1S-specific CD4 T-cells (Fig 3-1B), a 

population to a self-reactive epitope (reported size: about 200 cells per mouse)174 

that has been shown as having little to no cross-reactivity to exogenous Ag212. 

The I-Ab/3340-specific CD4 T-cell precursor numbers were similar between 

B6NTac and B6J mice (Fig. 3-1C) regardless of SFB colonization; in addition, 

similar size populations were seen when examining I-Ab/2W1S-specific CD4 T-

cells between Jackson and Taconic mice (Fig. 3-1D). Based on these 

observations, we concluded that commensal-reactive CD4 T-cells have similar 

precursor numbers in the periphery of B6 mice, regardless of whether the animal 

is colonized or not with the commensal in question. One striking difference 

between I-Ab/3340-specific CD4 T-cells in B6NTac and B6J was the frequency of 

CD44-expressing, I-Ab/3340-specific precursors in pre-colonized hosts (Fig. 3-
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1E). The mouse memory marker of CD44 can be expressed on naïve T-cells 

after they receive a foreign antigen signal and go through programmed 

proliferation and contraction and become bona fide memory cells, or CD44 can 

be expressed on naïve T-cells when they are introduced into a lymphopenic 

environment213. In line with this, we found a markedly larger fraction of CD44hi 

cells among I-Ab/3340-specific CD4 T-cells in mice pre-colonized with SFB (Fig. 

3-1F). This was not the case in the 2W1S cells examined (Fig. 3-1G).  

 

Survival of 3340-specific CD4 T cells after sepsis is dependent on SFB 

commensal membership in the septic host. 

To examine the extent to which commensal-specific CD4 T-cell population are 

affected by sepsis, we subjected animals to cecal-ligation and puncture (CLP) or 

sham surgery, and examined splenocytes 2d or 30d after surgical injury for I-

Ab/3340-specific CD4 T-cell recovery. In this model, as in clinical studies,114, 214, 

215 CD4 T-cells undergo apoptosis and numerically recover after sepsis (Fig 3-

2A). Like un-manipulated mice, Sham-treated B6Ntac and B6J animals had 

similar quantities of I-Ab/3340-specific CD4 T-cells in the spleen. CLP-treated 

B6NTac hosts showed increasing numbers of I-Ab/3340-specific CD4 T-cells after 

sepsis, while B6J CLP-treated mice showed an acute loss of precursors and 

eventual numerical recovery (Fig. 3-2C). This enhanced recovery of SFB-specific 

T-cells in colonized mice was surprising, since it was abnormally large and did 
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not undergo the same loss of precursors on d2 that we have seen when 

examining Ag-specific CD4 T-cells after sepsis.211 Furthermore, we observed up 

to 10 times more Ag-specific CD4 T-cells for population within Taconic mice, 

when using sham mice as the starting size of the precursor pool before surgical 

injury (Fig. 3-1D). Because the expression of CD44 in I-Ab/3340-specific CD4 T-

cells was higher in B6NTac mice compared to B6J (Fig. 3-1B, sham and CLP), 

we proceeded to examine the extent to which commensal differences change the 

kinetics of CD44 expression in I-Ab/3340-specific cells, plotting the frequency of 

CD44hi cells among I-Ab/3340-A6 precursors as a function of time after sepsis 

(Fig. 3-2B,E). We found significantly higher frequency of CD44hi cells present in 

mice colonized with SFB (i.e., B6NTac) than those who were not (Fig. 3-2B,E). 

This was true for sham as well as mice undergoing CLP surgery 2 and 30 days 

prior to analysis.  

 

Our results so far led us to consider the possibility that a difference in SFB 

commensalism dictates the recovery of I-Ab/3340-specific CD4 T-cells after 

sepsis. If this were to be the case, we posited, the same effect would be 

observed in mice that are colonized by co-housing (e.g. the effect is horizontally 

transferred). To test this, we housed B6NTac (SFB-colonized) mice with B6J 

(SFB-devoid mice) for 4 weeks. After co-housing, we confirmed the transfer of 

the commensal by detecting SFB DNA from the fecal pellets of each individual 
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mouse before surgery was performed (Fig. 3-3A). Unsurprisingly, SFB DNA was 

detected in co-housed animals at levels similar to those mice originating from 

Taconic Farms, but not in mice originating from The Jackson Laboratory (Fig. 3-

3B). In addition, on d2 and d30 after CLP surgery, we found the quantity of 

tetramer-positive I-Ab/3340 CD4+ T-cells in the periphery of co-housed mice to 

be similar to that of Taconic-derived mice undergoing CLP-derived sepsis (Fig. 3-

3C,D).  

 

To know the impact of the horizontal SFB transfer Ag-specific CD4 T-cell 

phenotype, we examined CD44 expression in co-housed and non co-housed 

B6NTac and B6J mice that underwent CLP surgery. When comparing B6J, 

B6NTac and co-housed CLP treatment groups, we noticed that CD44 expression 

was higher amongst I-Ab/3340-specific cells in animals that had undergone CLP 

30 days prior and were colonized with SFB (Fig. 3-3E). Along with the rest of the 

data shown in Figs. 3-1 and 3-2, the observations shown in Fig. 3-3 indicate that 

the Ag-specific population in question behaved differently after sepsis depending 

on whether commensal Ag is present in the microbiome of the host. 
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Host colonization with commensal Ag protects from virulent pathogen challenge 

after sepsis.  

To study the impact this enhanced recovery of I-Ab/3340-specific CD4+ T-cells 

had in septic survivors after a secondary heterologous pathogen challenge, we 

performed sham and CLP surgery on SFB-colonized B6NTac and SFB-devoid 

B6J mice, and infected all groups 30 days after surgery. In order to test for 

survival differences, we used a virulent Listeria monocytogenes strain (Lm) 

expressing the 3340-A6 epitope from the SFB commensal organisms (Lm-3340). 

Accordingly, sham and CLP-treated mice were challenged intravenously with 

~5000 CFU of Lm-3340 grown at log phase, and survival was monitored (Fig. 3-

4A). Surprisingly, CLP-treated B6NTac mice challenged with Lm-3340 were 

protected from mortality, but sham B6NTac, or sham and CLP-treated B6J mice 

were not (Fig. 3-4B). In addition, the survival advantage to secondary infection 

seen in B6NTac CLP-treated mice was replicated in mice from The Jackson 

Laboratory that were co-housed with SFB-colonized counterparts, indicating that 

the survival benefit could be transferred horizontally as well (data not shown).  

 

Along with increased survival, CLP-treated B6NTac mice had a larger proportion 

of I-Ab/3340-specific CD4 T-cells in the spleen (Fig. 3-4C), and lower Lm burden 

in the liver (Fig. 3-4D), where CD4 T-cells are thought to be essential in the 

generation of listeria immunity and control of pathogen burden216. Accordingly, 
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the results shown in Fig. 4-1 strongly suggest that the survival and phenotype of 

commensal specific cells after sepsis is dependent on commensalism, and can 

be protective in the context of a secondary heterologous pathogen challenge.  

 

SFB host colonization enhances I-Ab/3340-specific priming responses after 

sepsis. 

The size of the pre-immune repertoire closely correlates with the magnitude of 

the peak CD4 T-cell response, following a priming event 174, 217.  In light of our 

findings regarding how I-Ab/3340-specific populations recover differently after 

sepsis, we wondered whether I-Ab/3340-specific priming responses were 

differentially blunted by sepsis. Since we wanted to study the changes in the Ag-

specific T-cell response, we challenged sham and CLP-treated animals 30d after 

surgical intervention with a ΔactA Lm mutant bearing the 3340-A6 epitope from 

SFB (Lm-SFB; Fig. 3-5A). This highly attenuated pathogen lacks the bacterial 

virulence protein necessary for actin-based, intra– and inter-cellular spread. As 

such, it is rapidly cleared even in mice lacking key components of innate 

resistance. This allowed us to bypass potential innate differences to virulent Lm 

infection leading to differences in antigen load.218 To determine whether this 

recovery phenomenon was reiterated within the same pathogen but a different 

Ag-specific response, we analyzed the endogenous CD4 T-cell response to the 

immunodominant I-Ab-binding epitope in L. monocytogenes Listeriolysin-O 
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(LLO190-201; hereafter LLO) (Fig. 3-5B). As we have previously reported211, peak I-

Ab/LLO-specific CD4 T-cell responses after Lm-SFB were blunted in CLP-treated 

mice when compared to sham, regardless of SFB colonization (Fig. 3-5C). Unlike 

I-Ab/LLO-specific cells, however, the peak I-Ab/3340-specific response measured 

was greater in SFB-colonized B6NTac mice that underwent CLP surgery when 

compared to CLP-treated B6J animals that are not colonized. Paradoxically, in 

SFB-colonized B6NTac hosts (but not in SFB-free B6J mice) the I-Ab/3340-

specific response was superior in CLP-treated animals compared to that of sham 

controls (Fig. 3-5D). These results, in turn, led us to wonder about the functional 

status of these cells, or whether sepsis-induced changes could also impact the 

functional ability of a commensal-specific CD4 T-cell response. 

 

The functional capacity of a commensal-specific CD4 T-cell response after 

sepsis is dependent on host microbiome. 

Systemic infections tend to bias helper T-cell responses towards an IFNγ-

producing Th1 phenotype,219 but the known effect of SFB as a commensal is to 

maintain intestinal CD4 T-cells in a polarized Th17-biased state205. To determine 

the functional fitness of a CD4 T-cell response after sepsis, we challenged CLP 

or sham-treated hosts with ~106 CFU of Lm-SFB on day 30 after surgery, and 

analyzed the functional ability of the resultant I-Ab/3340-specific responses. 

Functional capacity was determined by using in vitro re-stimulation followed by 
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tetramer enrichment and intracellular cytokine staining, as it has been described 

before (Fig. 3-6A).211, 212, 219, 220 Since we also wanted to determine whether SFB 

polarization of CD4 T-cells was affected by sepsis, we stained the stimulated 

cells for IFNγ and IL-17A (Fig. 3-6B) plotted the frequency of cytokine producing 

cells as a surrogate measure of per-cell function, and the number of cytokine-

producing, Ag-specific CD4 T-cells as a general approximation of the overall 

immune competence of I-Ab/3340-specific responses. When we analyzed the 

per-cell frequencies, IFNγ-producing cells were unmistakably present at higher 

percentages in colonized, CLP-treated animals; these frequencies were 

significantly higher than colonized sham animals and SFB-free sham or CLP-

treated groups (Fig. 3-6C). In contrast, while most of these cells were also 

producing IL-17, there was no difference in frequency of IL-17 producing cells 

between sham or CLP-treated, in animals with or without SFB commensalism 

(Fig. 3-6D). However, when we examined the number of Ag-specific cells 

producing either cytokine, we found that a stronger response was seen in SFB-

colonized sepsis survivors, when compared to both SFB-colonized sham 

controls, as well as sepsis survivors devoid of SFB (Fig. 3-6C). A similar trend, 

though less significant, was observed for IL-17A+ effector cells when comparing 

CLP-treated groups (colonized or not) (Fig. 3-6D). Taken together, the 

proliferation of I-Ab/3340-specific cells and the enhancement in cytokine 

production were strong arguments that (unlike other Ag-specific populations that 



  

  82 

we have tested in this model) I-Ab/3340-specific responses are not impaired in 

sepsis survivors that are colonized with SFB. In addition, commensal-specific 

cells are able to mount (and enhance) efficient epitope-specific CD4 T-cell 

responses after sepsis, but only if the pathogen in question is a member of the 

host microbiome. 

 

Host colonization and CD4 lymphopenia are not sufficient to induce microbiome-

specific differences in CD4 T-cell recovery. 

Based on the findings presented, we hypothesized that sepsis-induced 

lymphopenia was affecting the loss and recovery of some CD4 T-cell populations 

with more than just the random attrition suffered during the acute phase of the 

disease. We wanted to know if lymphopenia and colonization with SFB alone 

were sufficient to see microbiome-specific differences in CD4 T-cell recovery. To 

test this, we injected a low quantity of CD4-depleting mAb (GK1.5) and measured 

CD4 T-cell frequencies thereafter in the blood, at time intervals similar to those 

used in our sepsis model for analysis (Fig. 3-7A). When looking at the bulk 

circulating CD4 T-cell population, the kinetics of loss and recovery of CD4 T-cells 

after a single mAb injection were similar to what we have seen previously with 

sepsis (Fig. 3-7B). However, when we enriched for 3340-A6-specific cells on d33 

post mAb treatment, we found no differences in the size of the pre-immune 

repertoire between colonized animals originating from Taconic Farms and those 
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obtained from The Jackson Laboratory (Fig. 3-7C). These results suggested that 

CD4 lymphopenia is necessary but not sufficient to alter recovery kinetics of 

commensal-specific CD4 T-cell populations. Altogether, the data presented 

strongly indicates that in the setting of sepsis-induced lymphopenia, commensal 

colonization can shape the recovery of populations of CD4 T-cells reacting to 

commensal Ag.  

 

Enhancement of viral cross-reactive CD4 T-cell responses after sepsis is 

dependent on specific microbiome membership. 

The results described so far led us to argue that the extent of recovery and 

function of a particular Ag-specific T-cell population after a septic event can be 

different as a result of the intestinal “health” of the individual, regardless of 

possible genetic similarities (e.g., same mouse strain from different vendors). 

However, CD4 T-cells in the periphery are most likely to react to commensal 

antigen because of TCR cross-reactivity, and not specificity for a specific 

commensal pathogen. Memory T-cells cross-react with antigenic epitopes that 

have not previously been encountered, which is possibly due to intrinsic 

properties of TCR recognition.221 Recent evidence indicates that adaptive 

responses to viral infection are also shaped by the presence of commensal 

microbes222, and that antibiotic-treated mice (where the microbiome community is 

disrupted) have significantly fewer virus-specific effector CD4 and CD8 T-cells 
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when compared to untreated controls during Influenza infection223. In order to 

investigate whether viral-specific CD4 T-cell populations showed cross-reactivity 

to the microbiome after sepsis, we induced CLP sepsis and performed tetramer 

enrichments on CD4 populations specific for several viral I-Ab binding epitopes–

Lymphocytic Choriomeningitis Virus glycoprotein (gp66-77), Herpes Simplex-1 

glycoprotein-D (gD290-301), and Influenza-A nucleoprotein (NP311-325)–all which we 

have previously reported as having varying degrees of recovery after sepsis.211 in 

order to narrow our focus on a specific cross-reactive T-cell population, we 

performed the analysis in B6NCI mice. These mice are derived from the National 

Cancer Institute mouse colony, and have been bred separate from B6J and 

B6NTac mice. In addition, we have studied the recovery of several Ag-specific 

CD4 T-cell populations after sepsis with mice derived from this colony38, 211. Out 

of the Ag-specific CD4 T-cell precursor populations analyzed, only one 

population (I-Ab/NP311-specific CD4 T-cells) had a higher CD44hi fraction in 

CLP-treated mice than in their sham counterparts 30 days after surgical injury 

(Fig. 3-8A). These results led us to wonder whether recovery kinetics for NP311-

specific cells would be different in mice with a different environmental 

background (i.e., B6NTac originating from Taconic Farms) after sepsis. To test 

this, we quantified the number of I-Ab/NP311-specific CD4 T-cells in sham and 

CLP-treated mice, d2 and d30 after surgical injury, in both B6NCI and B6NTac 

mice. In concordance with our previous results, the I-Ab/NP311-specific CD4 T-
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cells in CLP-treated B6NCI mice recovered to higher pre-immune repertoire 

numbers, above their sham counterparts on d30 post surgery (Fig. 3-8B); the 

opposite effect was seen in mice originating from Taconic farms, where I-

Ab/NP311-specific CD4 T-cells had an impaired recovery in CLP-treated hosts by 

30d after surgery, compared to sham/no surgery controls (Fig. 3-8B). When 

targeted CD4 lymphopenia by mAb was used, there was no difference in the 

quantity of I-Ab/NP311-specific CD4 T-cells in B6NCI and B6NTac mice 33 days 

after mAb injection (Fig 3-8C). In addition, sham and CLP-treated B6NCI 

exhibited higher CD44hi frequencies among I-Ab/NP311-specific CD4 T-cells 

compared to their Taconic counterparts (Fig. 3-8D). Accordingly, These results 

led us to conclude that NP311-specific cells recover differentially in NCI/CRL-

derived versus Taconic-derived mice.  

 

Because of the possibility that NP311-specific cells were cross-reactive to 

some commensal Ag present only in B6NCI mice, we set out to inquire whether 

this effect in the recovery could be transferred horizontally. We tested the idea by 

co-housing B6NCI with B6NTac mice for 30d, and performing sham or CLP 

surgery thereafter. Because we wanted to examine any differences in the context 

of a priming response, both B6NTac and B6NCI sham- and CLP-treated animals 

were rested for 30 days. Afterwards, survivors were challenged (106 CFU, as 

previously described211) with an attenuated Lm bearing an Influenza 
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nucleoprotein Ag (NP311-325, or NP311), termed Lm-NP311 (Fig. 3-9A). When 

comparing the peak priming response to Lm-NP311, CLP-treated co-housed mice 

were similar in response to what we have observed repeatedly in NCI/CRL 

“colonized” mice, whereas Taconic-derived CLP-treated mice had significantly 

lower expansion of I-Ab/NP311-specific CD4 T-cells after infection (Fig 3-9B,C). In 

order to test functional differences by cytokine secretion assays, we stimulated 

cells from sham and CLP-treated hosts with PMA/ionomycin (Fig. 3-10A) after 

tetramer enrichment, and then stained for intracellular cytokine expression (Fig. 

3-10B). There were significantly reduced numbers of IFNγ+(Fig. 3-10C) 

TNFα+(Fig. 3-10D) and multifunctional (IFNγ+TNFα+; Fig. 3-10E) CD4 T-cells in 

CLP-treated, Taconic mice than in their NCI/CRL counterparts. Taken together, 

the results of the experiments in Figs. 7, 8, 9 and 10 strongly suggest that cross-

reactivity of viral epitopes to commensal Ag is occurring after CLP sepsis. 
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IV. Discussion 

Advances in our understanding of gut-initiated, or gut-propagated critical illness 

have led to novel investigations into how microbial membership and gut function 

may be targeted for therapeutic gain in the ICU224. This is highly significant, given 

that sepsis (currently defined28 as a “systemic inflammatory response in the 

presence of a disseminated infection”) is the cause of 229,000-360,000 deaths 

every year in the United States225, and its treatment (which is essentially 

supportive) constitutes about 40% of all total hospital costs226. However, our 

understanding of sepsis is lacking, and the interplay between microbiome 

composition and commensal-specific T-cell responses remains relatively 

unexplored.  

 

Due to the role of CD4 T-cells in protection and memory against pathogens, 

understanding the role of microbiota on T-cell responses to infection is crucial. In 

the context of sepsis, where immunosuppression of T-cell immunity124, 173, 177, 211 

and apoptosis of epithelial barriers227 are recognized complications, researchers 

and physicians have assumed that intestinal commensals have a detrimental role 

in promoting systemic inflammation or infection in the critically ill septic 

patient.228.  However, the last ten years have opened new fields of research in 

immunology with the study of microbiome-immune interactions, which are widely 

believed to be essential for adequate immune responses. With this in mind, we 
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have for the first time (to our knowledge) performed quantitative and qualitative 

analyses of commensal Ag-specific CD4 T-cell populations in septic mice. Here, 

we show that the constituents of the gut flora play an important role in defining 

the responsiveness of CD4 T-cell populations specific for Ag present in 

commensal bacterial species after CLP-induced sepsis.  

 

The effect of gut microbiota on innate immunity to systemic infection with viruses 

and bacteria has been well documented,223, 229, 230 but it has been difficult to 

understand how the microbiota affects non-mucosal T-cell responses without 

direct contact between peripheral T-cells and commensal Ag222. In the present 

study, we tracked an endogenous “pre-immune” pool of a commensal-specific 

population (I-Ab/3340-specific) before and after sepsis, measuring its ability to 

function adequately upon challenge with attenuated and virulent pathogens in the 

context of SFB colonization. We were able to observe enhanced recovery of this 

intestinal I-Ab/3340-specific T-cell population in colonized mice only, and these 

results were replicated when SFB-free mice were co-housed for a time with 

colonized individuals. Prior to this study, the techniques and tools used in this 

study to evaluate the role of gut commensals in the recovery of T-cells after 

sepsis were not available231 and deciphering the involvement of cross-reactive or 

cognate Ag recognition from intestinal leakage in abdominal sepsis was not 

possible. Accordingly, this is the first study that we are aware that has employed 
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cutting edge commensal-specific immunological tools and techniques for the 

study of commensal interactions with the immune system during and after sepsis.  

 

At steady state, the intestine houses a large number of T-cells, which produce IL-

17, IL-22, IFN-γ, and IL-10.204, 232 In the absence of microbiota, there are 

deficiencies in the production of these cytokines, particularly, IL-17, suggesting a 

link between commensal microbes and IL-17 production in the gut. IL-17 

secreting CD4 T-cells (Th17 cells) have been suspected to have a role in the 

level of inflammation during the acute phase of sepsis. In support of this, 

Stromberg et al. have recently presented some evidence that CD4 T-cells might 

directly modulate gut epithelium apoptosis and mediate survival during sepsis214. 

In addition, Th17s are known to mediate abscess formation in abdominal sepsis 

by an IL17-dependent mechanism233, and have been described as “critical 

mediators” of the innate response in sepsis.234 However, whether their role is 

more protective than pathogenic in septic patients is a subject of current debate, 

given that both pathogenic and nonpathogenic roles for Th17 cells have been 

proposed.235, 236 Mukherjee and colleagues237, 238, 239 showed that IL-17 

production was pathogenic in a secondary viral infection model after sepsis, and 

IL-17 has been implicated in a mechanism recently proposed240, 241, 242, 243 to 

explain the massive apoptosis in sepsis.  
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Virus-specific memory T-cells do cross-react with alloantigens, autoantigens and 

unrelated pathogens; for example, Influenza virus-specific and HIV-specific 

memory CD4+ T-cells recognized epitopes from unrelated microbial 

pathogens244, and H5N1-specific, memory CD4+ T-cells have been detected in 

healthy individuals not exposed to H5N1 infection. 245, 246, 247 Examining CD44 

expression in viral Ag-specific populations of mice surviving sepsis we found 

evidence of an Influenza-A nucleoprotein-specific CD4 T-cell population (I-

Ab/NP311-specific) that behaves as if cross-reactive to some particular, yet-to-be-

discovered, microbiome-derived Ag that is present in mice originating from the 

National Cancer Institute, but absent in mice from The Jackson Lab and Taconic 

Farms. While we cannot conclusively argue that these cells cross-react with 

commensal Ag, aspects of I-Ab/NP311-specific CD4 T-cell recovery in septic mice 

originating from NCI/CRL colony are strikingly similar to the results observed in 

the recovery of I-Ab/3340-specific CD4 T-cells in mice originating from Taconic 

Farms (and colonized with SFB). The expression pattern of CD44 in Ag-specific 

CD4 T-cells after sepsis, enhanced recovery of pre-immune repertoire numbers, 

competent priming responses in sepsis survivors and the ability to transfer the 

effect horizontally were all present in NCI/CRL mice but not in Taconic mice (Fig. 

3-7 & 3-8). These changes in recovery kinetics of I-Ab/NP311-specific CD4 T-cells 

were not replicated with a partial lymphopenia model as induced by low dose 

anti-CD4 mAb depletion. In addition, the effect on I-Ab/NP311 priming could be 
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transferred horizontally to co-housed mice. We believe that this pattern of results 

is highly indicative of an Ag-specific population with commensal cross-reactivity.   

 

The results from the protective challenge, priming response and functional 

characterization studies we performed suggest that commensal cross-reactivity 

can confer protection after sepsis, and our observations on Ag-specific 

populations using pure CD4 T lymphopenia (mAb depletion) supports the idea 

that changes in commensal-specific T-cell recovery seen cannot be replicated if 

gut permeability is intact. Human autopsy studies and mouse models of sepsis 

have shown widespread cell death in the gut lumen of septic hosts,248, 249, 250, 251, 

252 changes to the microbial composition of the gut253 and the permeability of the 

epithelial barrier.254 Clinical studies, as well as circumstantial evidence, have 

been reported in regards to bacterial translocation in humans after abdominal 

surgery255, 256. Interestingly, co-morbidity between iatrogenic lymphopenia, and 

gut epithelial cell damage, is also seen in chemotherapy-induced mucositis and 

in bone marrow transplantation257. More importantly, just like in sepsis, 

opportunistic infection after BMT is the most common cause of mortality not 

related to transplant relapse.  
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Our results also indicate that it might be possible to deter or promote immune 

function after sepsis by modulation of the bacterial composition in the small 

intestine of patients. While the literature on the subject is scarce, recent clinical 

case reports of septic patients undergoing fecal microbiota transplantation look 

promising.258, 259In reported cases, sepsis and diarrhea resolution were 

correlated with increased Firmicutes, the taxonomical phyla under which C. 

Arthromitus is classified. However, more research (both basic and translational) 

is needed on this topic before we can find how microbial modulation can be 

harnessed for clinical benefit in lymphopenia.  

 

The scientific evidence accumulated over the last 5-10 years shows that the 

gastrointestinal tract has clear functions outside the digestion and excretion of 

foodstuffs; accordingly, we believe that our results may extend to areas outside 

of sepsis. For example, recent data suggest that naïve CD8 T-cells (cognate Ag 

inexperienced) give rise to more effector CD8 T-cells than primary memory CD8 

T-cells when analyzed on a per-cell-basis after cognate infection190.  While it 

remains to be tested if the same phenomenon is true for naïve and memory CD4 

T-cell responses, these results suggest that the phenotype of the CD4 T-cells 

(naïve vs. ‘memory’-like), in addition to the numbers of cells present, might 

contribute to the in vivo response to cognate Ag recognition.  
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In summary, the present study demonstrates that commensals within the enteric 

system modulate the recovery of certain portions of the CD4 T-cell pre-immune 

repertoire in iatrogenic lymphopenia, as exemplified by septic injury. The present 

work also shows how a CD4 T-cell population with commensal specificity fares 

better after sepsis in terms of pre-immune repertoire size, expansion after 

heterologous challenge and functional capacity after sepsis. The proliferation of I-

Ab/3340-specific cells, their superior cytokine production, and the survival benefit 

in virulent pathogen challenge implies that commensal-specific responses are 

enhanced by SFB colonization in sepsis survivors. In addition, commensal-

specific cells are able to mount (and interestingly enhance) efficient epitope-

specific CD4 T-cell responses after sepsis, but only if the commensal bacterium 

is a member of the host microbiome. Therefore, our findings implicate the 

composition in the gut microbiome in how some individuals are more susceptible 

to secondary infections after sepsis.   
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Figure 3-1. SFB commensalism affects phenotype, but not precursor pool size of 3340-
specific CD4 T-cells in the periphery. 
A, Gating strategy. Splenocytes of B6 mice from The Jackson Laboratory (eg., SFB-free) or 
Taconic Farms (SFB-colonized) were harvested, and I-Ab/Ag-specific CD4 T-cell numbers were 
determined in the spleen by flow cytometry after tetramer enrichment.  B, representative flow 
plots showing tetramer-enriched cell fractions used to detect the frequency of epitope-specific 
pools. C and D, I-Ab/3340-specific (C) and I-Ab/2W1S-specific (D) CD4 T-cells numbers were 
determined in the spleen by flow cytometry after tetramer enrichment in the periphery of naïve 
Jackson (Jax) and Taconic (Tac) mice. E, Representative flow plots of CD44 expression for both 
I-Ab/3340-specific and I-Ab/2W1S-specific CD4 T-cells. F & G, Frequency of CD44HI cells among 
I-Ab/3340-specific (F) and I-Ab/2W1S-specific CD4 T-cells (G) in naïve cohorts originating from 
The Jackson Laboratory or Taconic Farms. Statistics shown were obtained via group-wise, one-
way ANOVA analyses with multiple-testing correction using the Holm-Sidak method, and α = 
0.05. Statistical values indicated as follows: ****, p < 0.001; ***, p < 0.005; **, p < 0.01; *, p < 0.05 
and ns, no significance.
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Figure 3-2. SFB membership in the individual microbiome directly affects recovery of I-
Ab/3340-specific CD4 T-cells after sepsis. 
A, B6 mice from The Jackson Laboratory (eg., SFB-free) or Taconic Farms (SFB-colonized) 
underwent CLP or sham surgery, and CD4 T-cell numbers were determined in the spleen by flow 
cytometry 2d or 30d later. B, Representative flow plots in tetramer-enriched cell fractions showing 
the frequency of I-Ab/3340-specific CD4 T-cells by flow cytometry on d2 or d30 after CLP later. 
Numbers in top right of gate denote the mean frequency of CD44hi among Ag-specific population, 
and the values shown in the bottom center of the gate represent the mean ± SEM I-Ab/3340-
specific CD4 T cells enumerated. C, Number of Ag-specific, CD4 T-cells before (ie, sham) and 
after (+2d, +30d) septic injury via CLP. D, Fold change +30d post surgery over the quantity of I-
Ab/3340-specific cells in sham groups. E, Kinetics of tetramer-positive, I-Ab/3340-specific CD4 T-
cells expressing CD44 (CD44hi) after surgical injury. Statistics shown were obtained via group-
wise, one-way ANOVA analyses with multiple-testing correction using the Holm-Sidak method, 
and α = 0.05. Statistical values indicated as follows: ****, p < 0.001; ***, p < 0.005; **, p < 0.01; *, 
p < 0.05 and ns, no significance. 
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Figure 3-3. Horizontal microbiome transfer rescues commensal-specific CD4 T-cell 
population after sepsis-induced lymphopenia. 
A, Experimental setup. Jackson and Taconic B6 mice were co-housed for 4 weeks, and the 
presence of SFB was determined by PCR. Mice then underwent surgery and 2 or 30 d after 
surgical intervention, the number of I-Ab/3340-specific CD4 T-cells in the spleen was  
determined by flow cytometry. B, quantitative PCR of SFB burden in co-housed and un-
manipulated mice of different origins. C, quantitation on d2 and d30 after CLP of 3340-specific 
naïve CD4 T-cell precursor pool in Jackson, Taconic and co-housed mice. D, Comparison of the 
frequency of CD44HI cells among 3340-specific CD4 T-cells on d30 after CLP treatment for mice 
originating at The Jackson Lab (Jax), Taconic Farms (Tac) and SFB-free animals that were co-
housed (CoH) with SFB+ B6NTac mice for at least 4 weeks. P-values shown were obtained via 
group-wise, one-way ANOVA analyses with multiple-testing correction using the Holm-Sidak 
method, and α = 0.05. Statistical values indicated as follows: ****, p < 0.001; ***, p < 0.005; **, p < 
0.01; *, p < 0.05 and ns, no significance.  
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Figure 3-4. Protective capacity of 3340-A6-specific CD4 T-cells correlates with SFB 
commensalism.  
A. Experimental set-up for B-D. Mice undergoing CLP or sham surgery were infected 30d post 
intervention with a virulent strain of L.monocytogenes carrying the SFB epitope. Afterwards, 
animals were monitored for survival (B). C, magnitude of I-Ab/3340-specific response on d5 post 
infection. D, CFU counts in liver tissue 5d after infection. Results in B-D are shown for SFB-
colonized (Sham-T, CLP-T), and SFB-devoid (Sham-J, CLP-J) animals. Statistics shown were 
obtained using Mann-Whitney U test statistics (for panel B) as well as ordinary one-way ANOVA 
analyses (for C-D) with multiple-testing correction using the Holm-Sidak method, and α = 0.05, 
when deemed appropriate. Statistical values indicated as follows: ****, p < 0.001; ***, p < 0.005 
and ns, no significance. Unless otherwise mentioned, all figures representative of at least 2 
independent experiments. 
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Figure 3-5. SFB Commensalism is needed for adequate SFB CD4 T-cell responses in the 
event of a 2º infection following sepsis. 
A, Experimental set-up. Sham and CLP-treated Jackson and Taconic B6 mice were infected with 
(attenuated) ∆ActA Listeria monocytogenes bearing the 3340-A6 epitope (∆Lm-SFB), 30d after 
surgery. The number of Ag-specific CD4 T-cells in the spleen was determined 7 d later for both 
responses directed against the pathogen (LLO-specific) and the epitope (I-Ab/3340-specific). B, 
Representative plots of LLO-specific and I-Ab/3340-specific CD4 T-cells at peak expansion after 
pathogen challenge. C-D, Dot plots showing the quantity of LLO-specific CD4 T-cells (C) and I-
Ab/3340-specific CD4 T-cells (D) in the spleen of Jackson (SFB-free) and Taconic (SFB-
colonized) mice. Statistics shown were obtained using ordinary one-way ANOVA analyses (for C-
D) with multiple-testing correction using the Holm-Sidak method, and α = 0.05, when deemed 
appropriate. Statistical values indicated as follows: **, p < 0.01; *, p < 0.05 and ns = not 
significant.
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Figure 3-6. After sepsis, I-
Ab/3340-specific CD4 T-cells 
show superior function in 
mice colonized with SFB. 
A, Experimental setup. 
Harvested splenocytes were 
incubated with PMA/ionomycin 
for 4hr, then fixed and stained 
for intracelullar cytokines. B, 
Representative plots of cytokine 
secreting frequency among I-
Ab/3340-specific CD4 T-cells. 
Plots show the frequency (C-D) 
and number (E-F) if I-Ab/3340-
specific, cytokine-secreting 
CD4+ T-cells for Interferon 
gamma (C,E) and TNF-alpha 
(D,F). Statistics shown were 
obtained using ordinary one-
way ANOVA analyses (for C-D 
and G-J) with multiple-testing 
correction using the Holm-Sidak 
method, and α = 0.05, when 
deemed appropriate. Statistical 
values indicated as follows: ****, 
p < 0.001; ***, p < 0.005; **, p < 
0.01; *, p < 0.05 and ns, no 
significance. Unless otherwise 
mentioned, all figures 
representative of at least 2 
independent experiments. 
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Figure 3-7. CD4 Lymphopenia and SFB colonization are necessary but not sufficient to 
skew the recovery of SFB-reactive CD4 T-cell populations.  
A, Experimental setup. Mice from The Jackson Laboratory (Jax) colony and Taconic Farms (Tac), 
were injected with 25µg of CD4-depleting monoclonal Ab (GK1.5) or a control mAb (cIg) 
intraperitoneally. peripheral blood was drawn at intervals to ensure CD4 T-cell depletion. 33d 
later, I-Ab/3340-specific CD4 T-cells were counted in the spleens. B, frequency of PBMCs 
identified as CD4 T-cells in venous blood of treated animals on days 0, 3 and 33 post treatment. 
C, quantitative analysis of SFB3340-specific, naïve CD4 T-cells on d33 after treatment with SFR8 
or GK15 mAbs. shown were obtained via group-wise, one-way ANOVA analyses with multiple-
testing correction using the Holm-Sidak method, and α = 0.05. Statistical values indicated as 
follows: ****, p < 0.001 and ns – not significant.  
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Figure 3-8. Colony-
specific changes in I-
Ab/NP311-specific CD4 T-
cell recovery and 
phenotype resembles 
commensal-specific 
CD4 T-cells in their 
recovery after sepsis. 
A, frequency of CD44hi in 
select Ag-specific 
populations in sham and 
CLP-treated animals 30d 
after surgical injury. B, 
the number of I-Ab/NP311+ 
CD4+ T-cells in the 
spleens of B6 mice from 
NCI/Charles River and 
Taconic Farms 
determined by tetramer 
enrichment in sham or 
CLP-treated mice at d2, 
d30 post surgery.  C, 
Number of I-Ab/NP311+ 
CD4+ T-cells in the 
spleens of B6 mice 
treated with depleting 
mAb, as previously 
described. D, Frequency 
of CD44 cell surface 
expression among I-
Ab/NP311+ CD4+ T-cells, 
before (sham) and after 
(d2, d30 post CLP) 
sepsis. * p < 0.05, ** p < 
0.01, *** p < 0.005, **** p 
< 0.001, ns – not 
significant. 
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Figure 3-9. Enhanced priming of 
I-Ab/NP311-specific CD4 T-cells in 
NCI/CRL mice can be 
transferred horizontally by co-
housing. 

A. Experimental setup. 30d 
After sham or CLP surgery, age-
matched NCI/CRL, Taconic and 
Co-Housed mice were challenged 
with attenuated L.monocytogenes 
expressing the NP311 epitope (Lm-
NP311). 7d later, splenocytes were 
harvested and enriched, and 
samples were gated as seen. B, 
representative plots and C, 
quantitation of peak I-Ab/NP311-
specific CD4 T-cell response 7d 
after LM-NP311 in CLP-treated 
mice from NCI and Taconic Farms, 
as well as mice from Taconic 
Farms housed with NCI mice for 4 
weeks or more. ** p < 0.01,  
ns – not significant. 
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Figure 3-10.	  I-Ab/NP311-specific CD4 T-cell show adequate function after pathogen 
challenge dependent on host microbiome. 
A, Experimental setup. Mice from CRL/NCI and Taconic origins underwent sham/CLP and were 
then challenged 30d later with Lm-NP311. On d7 post-infection, 100mcg of peptide Ag were 
injected and splenocytes harvested 4hr later. B, representative plots (gated on I-Ab/NP311+ CD4+ 
T-cells) showing intracelullar IFNg and TNFa production after in-vivo peptide stimulation. C-E, 
absolute number of cytokine-producing I-Ab/NP311-specific cells for IFNg, TNFa and both, 
respectively. * p < 0.05, *** p < 0.005, **** p < 0.001, ns – not significant. 
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The human “microbiome” is a community of varied microbes that outnumber their 

host by about ten to one or more. Despite this evolutionary co-existence between 

microbiome and host, the high load of non-self antigen (Ag) found in the gut 

lumen is a challenge to mucosal lymphocytes and one that is still very much 

actively investigated in settings of health and disease. In the context of sepsis, 

where immunosuppression of T-cell immunity and apoptosis of epithelial barriers 

are recognized pathophysiological complications, researchers and physicians 

have assumed that intestinal commensals have a detrimental role in promoting 

systemic inflammation and infection in the critically ill septic patient. However, 

extensive evidence from the last decade supports the theory that our mucosal 

microbiome plays an essential role in the establishment of tolerogenic and 

immunocompetent CD4 T-cell responses, homeostatic proliferation and 

repertoire determination. Despite this, little is known about impact of commensal 

bacterial antigens (Ag) in the generation of successful CD4 T-cell responses after 

sepsis. Here, we provide a review of the interaction between immunity and 

microbial commensals, with a special emphasis on the role that this interaction 

plays in the immunosuppression of CD4 T-cell responses after sepsis. 
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I. Introduction 

Sepsis is a poorly understood syndrome of systemic inflammation that is 

responsible for hundreds of thousands of deaths every year, with no specific 

therapies in the current market. Since the 1990s, leaders in the field of sepsis 

research have reported that many patients surviving the acute stages of sepsis 

exhibit clinically-relevant immunosuppression28. As part of this 

immunosuppression, acutely septic patients show reduced lymphocyte function 

and a temporal decrease in circulating numbers82, 260. This is particularly evident 

in helper T-cells, which orchestrate cell-mediated immunity in the body261.  

 

Traditionally, researchers and physicians have assumed that intestinal 

commensals have a detrimental role in promoting systemic inflammation and 

infection in the critically ill septic patient, an idea termed the “toxic gut lymph”.262 

However, advances in the understanding of microbial commensalism compels us 

to re-examine the notion that intestinal contents are the driving force of critical 

illness263. Extensive evidence from the last decade supports the theory that our 

mucosal microbiome –the collective symbiotic and pathobiotic commensals in the 

gut– plays an essential role in the establishment of tolerogenic, as well as 

immunocompetent CD4 T-cell responses, homeostatic proliferation and 

repertoire determination. Although these bacteria are oftentimes beneficial, 
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imbalances between pathogenic and symbiotic commensal species (dysbiosis) 

can be seen in a wide variety of diseases264.  

 

Patients who survive sepsis often suffer severely compromised immune function, 

and studies in animals and humans suggest that the immune injuries that occur 

during sepsis may be critical to the pathogenesis and subsequent mortality265.  

We believe that sepsis induces dysbiosis and compromises epithelial integrity. 

As a result, normal Ag sampling is impaired and proliferative cues are intermixed 

with inhibitory signals. We believe that this situates the microbiome, the gut and 

its complex immune network of cells and bacteria, at the center of aberrant 

immune responses during and after sepsis263. 

 

In this brief review, we provide a brief overview of the interaction between the 

microbiome and the immune system, with a special focus on the impact of 

commensals in priming and the careful balance between normal intestinal flora 

and pathogenic organisms residing in the gut microbiome. Both of these 

elements–the integrity of the epithelium and the balance between helpful and 

harmful commensals–are notoriously compromised in sepsis.  
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II. Rethinking the Germ Theory of Disease 

 

Human beings are colonized by microbes at all epithelial barriers, as soon as 

they are born266. As the largest body surface directly exposed to the 

environment, the human intestine is populated with an enormous number of 

microorganisms from predominantly bacterial origin267. A mind-boggling 400 

square meters of the intestinal epithelial surface is colonized by about 100 trillion 

organisms, which outnumber human cells in the body by 10 to 100 fold268, 269. 

Genetically speaking, we each carry about 100 times more bacterial genes than 

human genes270. The diversity and density of this colony can be altered by 

antibiotics, disease co-morbidity, diet271, and other environmental factors272. 

Thanks to advances in sequencing technology during the last decade, we now 

know that alterations in the membership of these organisms are associated with 

immunopathology in several autoimmune, inflammatory and allergic diseases, as 

well as with susceptibility and resistance to infectious diseases273, 274, 275, 276, 277. 

This symbiosis, or mutually beneficial interdependence of two species, can be 

best appreciated within our own bodies in the context of health and disease. 

 

Pioneers like Lister, Koch, Pasteur and Metchnikoff valiantly propelled the germ 

theory of disease forward at the turn of the last century278. Before this paradigm 

shift in medicine, patients would develop overwhelming sepsis as a direct result 
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of gut leakage and complete ignorance regarding the transfer of pathogens279 by 

healthcare workers. Aseptic technique was unheard of: surgeons seldom washed 

their hands and students commonly put their hands in the operative field for 

didactic purposes280. The discovery that enemies invisible to the naked eye were 

the cause of many ailments radically changed the course of medicine281, 282, and 

microbial pathogenesis became the recurrent theme of 20th century medicine. 

Yet despite the tremendous advances that this theory has created, it is 

interesting that voices within the research community warned from the get-go 

that the focus on pathogenic microbes would distract from important research 

into the role of commensals in health and disease 283. In fact, Metchnikoff (one of 

the pioneers of the germ theory of disease) was among the first to also propose 

that modification of the gut flora might improve human health284, 285. A century 

later, we have come to understand that rather than waging an endless war, the 

host and its prokaryotic colonists exist in a carefully negotiated armistice, with 

compromises and benefits that go both ways.  

 

Despite this evolutionary co-existence between microbiome and host, the high 

load of non-self antigen (Ag) found in the gut lumen is a challenge to mucosal 

lymphocytes and one that is still very much actively investigated in settings of 

health and disease. Work with animal models indicates that the gut is innately 

predisposed to inflammation, and that the influence of balanced symbiotic and 
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pathobiotic components of the microbiome in the immune system is by and large 

immunosuppressive or tolerogenic286. These findings are supportive of the 

“Hygiene Hypothesis”, which states that human societies that adopt a certain 

level of hygiene to decrease the prevalence of many infections observe a 

concurrent increase in non-infectious immune disorders. This rise in allergy and 

autoimmunity in hygienic environments is as dramatic as the drop in infection 

rates. The non-self nature of bacteria (regardless of symbiont or pathobiont 

status) makes antigen (Ag) presented and processed by enteric Ag-Presenting 

Cells (APCs) likely to be recognized by T-Cell Receptors (TCRs) in some or 

many gut-tropic T-cells. Therefore, in situations where genetic predisposition is a 

factor (e.g. patients with autoimmune diseases) microbial modulation would be 

key to dampening potentially self-reactive or cross-reactive TCRs. Although 

genetic differences clearly affect the development of autoimmunity, hyper-

hygienic living environments may cull or limit commensal diversity, as well as the 

microbiome’s ability to steer the immune system’s maturation towards a state of 

homeostatic tolerance. 

 

III. Composition of the Individual Microbiome 

 

Four phyla dominate the adult human microbiome. Of those, 80% of all intestinal 

bacterial species fall under the most heavily studied: the Firmicutes and the 
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Bacteroidetes287. Firmicutes are gram-positive bacterial taxa composed of many 

familiar-sounding genera (such as clostridia, streptococcaceae, 

staphylococcaceae, enterococcaceae and lactobacillae)288; many of these 

occupants are facultative anaerobes. Bacteroidetes, on the other hand, are 

gram-negative bacteria composed largely of Bacteroides species, which are 

obligate anaerobes. Membership in the human microbiome is evolutionarily-

determined and is similar across mammals. Comparison studies have shown that 

the human intestinal microbiota is similar to that of mice, though similarities stop 

at the genus level (for Firmicutes289) and species level (for Bacteroidetes290).  

 

However, this membership is not completely static. This is best exemplified by 

the changes that occur immediately after humans are born291. The first 

inhabitants of the intestine are the facultative anaerobic bacteria including 

Escherichia coli and the Firmicutes species that are facultative anaerobes. These 

bacteria can take advantage of the abundance of oxygen in the newborn, but this 

advantage is gone by the 1st or 2nd week of age when the oxidation-reduction 

potential decreases292. At this point, obligate anaerobes from both phyla take 

over (e.g. Clostridia, Bacteroides and Bifidobacteria). Weaning further favors 

obligate anaerobes leading to the stabilization of microflora composition293. 
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In addition to early life events, environmental factors can also influence 

membership in the individual microbiome294. An example of this environmental 

modulation is diet composition. In hosts with a high-fat, high-carbohydrate 

Western diet, the microbiota is enriched with bacteria from the phylum Firmicutes 

and underrepresented with Bacteroidetes295. This is presumably because 

Firmicutes may be more efficient at extracting energy from the given diet296, 297. 

In a completely different diet, such as one rich in plant polysaccharides, the 

opposite is true: children from Burkina Faso (who follow a low-fat, high-fiber diet), 

Actinobacteria and Bacteroidetes are enriched in the gut microbiome, whereas in 

Italian children (who have a high-fat, low-fiber diet, comparatively speaking) gut 

bacterial composition is skewed toward more Firmicutes and Proteobacteria271. 

Though correlative at best, it is important to note that the rate of allergies and 

asthma are almost completely nonexistent in the first cohort, whereas they 

continue to rise in the second298.  

 

IV. The Epithelial Barriers 

The front lines of mucosal immunity are made up of only a single layer of 

columnar cells that are continuously renewed from multipotent stem cells, located 

in the crypts of Lieberkühn. These give rise to all lineages of intestinal epithelia, 

including enterocytes, neuroendocrine cells, M cells, Paneth cells and Goblet 

cells. The sum total of these cells is referred to as the gut epithelium. This 
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epithelium is an active component of immunity, with physiologic and anatomical 

changes when lymphoid areas are present underneath. Some of the key 

differences between the absorptive and lymphoid-associated epithelium include 

lower levels of digestive enzymes, a less pronounced brush border, and a large 

number of M cells. In addition, lymphoid-associated epithelium is distinguishable 

given the fact that T and B lymphocytes, as well as dendritic cells, infiltrate the 

diffuse area in the lamina propria immediately below the lymphoid-associated 

epithelium known as the subepithelial dome299. An illustrative schematic of the 

some of the T-cell associated processes occurring under the subepithelial dome 

can be seen in Figure 4-1. 

 

Surprisingly, this layer is short-lived and regenerates every 3-5 days. This is 

perhaps in part due to a large amount of functional stress–namely, the constant 

surveillance of commensal flora, and simultaneous impedance of pathogen 

penetrance into the subluminal environment. Close interaction with luminal 

bacteria causes increased signaling through pattern recognition receptors 

(PRRs) in the epithelial barrier, specifically Toll-like receptors (TLRs) and NOD-

like receptors (NLRs); downstream effects of this recognition include polarized 

transport of antigen for presentation, and the secretion of proliferative (IL-7, IL-

22) or inhibitory (IL-25, IL-33) cytokines to directly influence activation or 

inhibition of specific innate immune cells300. Altogether, the terminally 
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differentiated layer forms the first line of immune defense in the gut as a fairly 

impenetrable barrier system. This barrier integrity is key to the control of immune 

surveillance and antigen (Ag) sampling.  

 

V. The Enteric Immune System 

 

The intestinal immune system consists of highly organized anatomical structures 

that are associated with the lamina propria and epithelial cells of the gut. 

Collectively, these structures are known as gut-associated lymphoid tissue 

(GALT). GALT can be divided into effector sites, (e.g. infiltrating groups of 

effector immune cells within the subepithelial dome) and inducer sites, secondary 

lymphoid tissues that are classically responsible for the induction phase of the 

immune response. Peyer’s patches (PPs), in particular, are secondary lymphoid 

organs of the enteric immune system that facilitate antigen sampling from the 

lumen. PPs do not have afferent lymph flow, but instead depend on the large 

number of M cells in the gut epithelium associated with a Peyer’s patch299. M 

cells specialize in transport of macromolecules and antigen (Ag) into the 

subepithelial dome, sampling and presenting such macromolecules locally within 

the PP to T-cells.  
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Another important type of organized intestinal lymphoid tissue gets its name from 

their anatomical resemblance to isolated lymphoid follicles (ILFs). ILFs consist of 

large groups of IgA-secreting B cells, along with other smaller populations of 

immune cells, such as dendritic cells and several subsets of innate lymphoid 

cells (ILCs) that produce cytokines to modulate immune responses. ILCs are an 

interesting group of innate cells that exhibit lymphoid morphology but do not 

express Ag-specific receptors on their surfaces. Despite this difference with T-

cells, their cytokine profiles are similar, and as such, they are classified as ILC1 

(which shows Tbet expression and a Th1 cytokine profile), ILC2 (GATA3 

expression and Th2 cytokine profile) and ILC3 (RORγt expression, Th17 cytokine 

profile)301. One prototypical ILC1 group is the NK cell ILC, which can produce 

TNFα and IFNγ much like Th1-polarized CD4 T-cells. As such, ILCs are believed 

to be early “orchestrators” of responses by secreting cytokines that prime the Ag-

presenting environment towards activation or tolerance302. This is important 

because distinct subsets of ILCs can be inhibited or activated by bacterial 

products or via bacterial signaling on the gut epithelium. Detailed description of 

each ILC subset and their predominant function, as it relates specifically to the 

microbiome, has been extensively reviewed elsewhere303. 

 

T-cell-modulating commensals, such as SFB and Clostridia, must specifically 

affect one, or both, of these processes. The specificity can be provided by 
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induction of a unique cytokine environment, an appropriate level of TCR 

stimulation by commensal-derived Ag, or both. These signals can be transmitted 

to T-cells by the activation of unique subsets of immune cells in the LPs. For 

example, CD103+ dendritic cells and CX3CR1+ phagocytes are antigen-

presenting cells with a balancing role in the activation and tolerance of Ag-

specific T-cell immunity in the enteric lymph304. CD103+ DCs and CX3CR1+ 

phagocytes both sample luminal Ag independently using dendritic processes, in 

order to present Ag to T-cells (See Figure 4-1)305. DCs are major modulators of 

T-cell responses, because they can serve as potent antigen-presenting cells 

(APCs) and at the same time contribute to the local cytokine environment 

through detection of microbial substances by their PRRs. LP DCs may mediate 

T-cell induction by commensals in several ways. They may sample commensal-

derived antigens, either by directly contacting the bacteria through extension of 

dendrites into the gut lumen or by detecting bacterial products, such as serum-

amyloid-A, that gain access to the LP. They may then present these antigens to 

intestinal T-cells to induce commensal-specific T-cells. Alternatively, LP DCs may 

be conditioned by commensals indirectly, e.g., by cytokines produced by other 

cells in response to the bacteria. For example, SFB attachment may induce 

cytokine production by γδ IECs, which may modulate DC function (Figure 4-2). 
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T-cells activated in these tissues then circulate via the thoracic duct lymph flow 

and into the bloodstream, but remain gut-tropic in nature and thereafter return to 

the intestinal lamina propria306; this return to the gut, in turn, has been 

hypothesized to limit systemic inflammation307. Recent work by Geem and 

colleagues, however, has shown that in Lymphotoxin-deficient mice, in which 

secondary lymphoid organs are underdeveloped, populations of Ag-specific cells 

responding to a commensal pathogen (SFB) are still present, but not in class-II 

(CIITA knock-out) mice308. Therefore, it is likely that the key place of interaction 

between the microbiome and gut-tropic CD4 T-cells is the lamina propria and not 

the MLNs as previously thought. In addition, CD103+ DCs seem to be integral in 

be presenting Ag to CD4 T-cells under this context309, although CX3CR1+ 

phagocytes have been involved in pathogenic interactions between commensal 

Ag and Ag-specific CD4 T-cells310. Several studies have also shown that B cell 

activation in the PPs and MLNs may help the host control the microbiota311. 

Activated gut B cells will differentiate and produce IgA in a T-independent 

manner, which helps in the control of the bacterial burden by neutralization of 

adhesion to luminal epithelium312. The advantage of IgA produced in the PPs and 

MLNs is that it is thought to act locally and limit inflammation systemically313. A 

more thorough description of B cell roles in enteric immunity is available 

elsewhere314. 
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Although the specifics that govern host-commensal interactions are still 

enigmatic, bacterial immunomodulation is an indisputable phenomenon. Mice 

born in the absence of any microbes (termed germ-free, or GF) have been 

essential to demonstrate that there is a clear function for commensalism in the 

development of the gut immune system. GF mice have smaller PPs, fewer IgA-

producing B cells, as well as skewed numbers of innate lymphocyte subsets in 

the gut303. Most of these immunologic changes are rapidly reversible by the 

introduction of normal microbiota, whereas others (particularly changes in very 

specific subsets of innate lymphoid cells) are reversible only during early infancy. 

For example, adult restoration of the gut flora in GF mice corrects most 

immunological defects observed, but the number of iNKT-cells in the lamina 

propria is significantly higher than in SPF (Specific-Pathogen Free) mice. When 

gut flora is restored in GF mice during the first 24 hours of life, iNKT-cell numbers 

are comparable to those of SPF mice315. The same findings can be seen in mice 

that carry a microbiome with less Sphingomonas (a genera that produces 

glycolipids that can be recognized by CD1d in iNKT-cells316) compared to mice 

carrying a higher burden of Sphingomonas315. Along the same lines, lymphoid 

tissue inducer (LTi) cells have been shown to be lower in GF mice than in WT 

mice, and these differences cannot be abrogated in adult GF mice that are given 

a normalized microbiota317. These results suggest that there is a teleological 

imperative for how the residence of innate immune cells, particularly ILCs, are 
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curated–almost as if these cells are instructed by the microbial residents in early 

life, but are not subject to the plasticity of the microbiota318. Regardless of their 

ability to be modulated as adults, those early changes to the composition of 

innate lymphoid cells can potentially set the stage for adaptive immune 

responses with a propensity for inflammation, and the subsequent development 

of autoimmunity and allergy. 

 

VI. Microbiome Influence on CD4 T-cell Function 

 

Commensal bacteria are actively involved in the development of adaptive 

immune responses by the programming of CD4 T-cell differentiation above and 

beyond just the cognate recognition of Ag and regulation of bacterial 

communities319. CD4 T-cells are among the most important peripheral 

lymphocyte subsets when it comes to the orchestration of successful immune 

responses. The most striking feature of CD4 T-cells is their plasticity of function, 

which is unique in cells with such exquisite Ag specificity. This diversity of 

function (or helper T-cell polarization) is reversible, and directed in large part by 

the local environment in which the cell encounters Ag presented in MHCII 

complexes. This environmental “set-up” might include specific cytokines, small 

molecular targets of steroid receptors (retinoic acid derivatives and aryl 

hydrocarbons, in particular) and yet-to-be-discovered or fully elucidated 
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modulatory pathways. This plasticity makes each CD4 T-cell both an effector of 

tolerance and an orchestrator of inflammation.  

 

Arguably, the development of Ag-specific memory T-cells with a propensity 

toward either inflammation or tolerance shapes the likelihood of immune 

responses to resist infections, or to degenerate towards autoimmune responses. 

Several groups that have attempted to isolate the effects that single microbial 

species have on CD4 T-cells, report interesting results that posit the balance 

between Firmicutes and Bacteroidetes as an important part of adept immunity in 

the gut. This is reminiscent of how differences in dietary intake skew the 

microbiome towards either of these two phyla, and there are epidemiological 

correlations between these changes and the incidence of autoimmunity and 

allergy. One leading theory among mucosal immunologists is that certain 

bacterial species (perhaps from certain phyla) induce pro-inflammatory (RORγt+ 

CD4 T-cells, known as Th17 cells) or regulatory populations of T-cells (FoxP3-

expressing CD4 T-cells, or Tregs). These changes have been shown to be Ag-

specific (e.g. Ag from the microbe is specifically recognized by a subset of T-

cells) but modulated by bacterial metabolites and the cytokine environment in 

which T-cells are first presented the Ag (see Figure 4-2).  
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The first example of this phenomenon came from a specific genus of Firmicutes 

collectively termed Segmented Filamentous Bacteria (SFB). SFBs have been 

shown to induce pro-inflammatory states in the gut by direct priming of CD4 T-

cells, with a resultant group of I-Ab/3340-specific T-cells polarized toward a Th17 

phenotype, with a greater propensity for the development of autoimmunity in 

mouse models320, 321. Research into enterocyte function shows that SFBs attach 

to the luminal side of enterocytes, causing a shift in the cytokines produced by 

the epithelial or M cells present289. While it is not exactly clear how or what these 

changes are, it is now known that the polarization of T-cells by SFB is dependent 

on bacterial secretion of serum amyloid A (SAA) and the delivery of this protein 

to T-cells via enterocyte transcytosis or APC uptake. In addition, another member 

of the Firmicutes family, Prevotella copri, has also been implicated in 

autoimmune arthritic responses322, 323. 

 

In the opposite phyla of dominant gut microbes (eg. Bacteroidetes), a well-known 

member has been found to promote T-cell tolerance. Kasper and colleagues 

have demonstrated in exquisite detail that Bacteroides fragilis induces tolerance 

in T-cell subsets324. Further studies have demonstrated that, like SFB-produced 

SAA, B. fragilis produces a specific protein (PSA) that is key for this induction of 

tolerance. PSA seems to direct dendritic cells to prime tolerogenic T-cell 

responses via TLR2 signaling325, with specific effects being attributed to innate 
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and adaptive responses generated by plasmacytoid subsets of dendritic cells326.  

However, it is not clear that all tolerance and inflammation splits neatly 

depending on the phyla, and it is more likely that only particular strains of certain 

species are regulators of immunity. In support of this idea, Clostridial species 

(which are Firmicutes) have been shown to induce tolerance in mouse models of 

colitis327, 328, 329. Likewise, the human pathogen enterotoxigenic B. fragilis (ETBF) 

will promote inflammatory diarrhea330, 331 and the creation of pathogenic Th17 

responses331.  

 

Commensal organism byproducts have also been shown to have potent roles in 

the polarization of CD4 T-cell responses, adding further credence to the idea that 

the contextual “study” of intestinal ecology by naïve T-cells is very important for 

the correct polarization of immunocompetent responses. For example, CD4 T-

cells have aryl hydrocarbon receptors (AhRs) that modulate gene expression, but 

respond to different ligands with different effects, such as tryptophan metabolites. 

Commensal lactobacilli with tryptophanase activity are a source of indoles that 

function as AhR ligands and promote Treg development332. Similarly, retinoic 

acid (RA) has been implicated as an important balancing metabolite of Treg and 

Th17 polarization, and changes in RA and RA-like metabolites produced by 

commensals likely influence the environmental cues that T-cells receive while Ag 

is being presented333, 334. 
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A discussion of changes induced by bacterial metabolites in T-cells would not be 

complete without mentioning short chain fatty acids (SFCAs). SFCAs are 1-6 

carbons in length and are produced by bacterial fermentation in the colon. Most 

abundant types of SCFAs are Butyrate, Propionate and Acetate335. Apart from 

being a substantial source of energy for colonic epithelial cells336, SFCAs have 

divergent functions in the regulation of the immune system, including recruitment 

of neutrophils via activation of GPR43337, along with inhibition of histone de-

acetylases (HDACs)338, 339, and the resultant down-regulation of T-cell 

proliferation, DC Ag-presentation, or secretion of pro-inflammatory cytokines. 

This is an exciting area of ongoing research with many questions that remain 

unanswered, but it is clear that changes in microbial composition will change the 

SFCAs produced in the gut, as bacterial species differ greatly in their ability to 

produce these fatty acids. 

 

VII. The Gut as A Motor of Sepsis Immunosuppression 

 

Advances in our understanding of gut-initiated, or gut-propagated critical illness 

have led to novel investigations into how microbial membership and gut function 

may be targeted for therapeutic gain in the ICU224. This is highly significant, given 

that sepsis (currently defined28 as a “systemic inflammatory response in the 

presence of a disseminated infection”) is the cause of 229,000-360,000 deaths 
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every year in the United States225, and its treatment (which is essentially 

supportive) constitutes about 40% of all total hospital costs226. However, our 

understanding of sepsis is lacking, and the interplay between microbiome 

composition and the immune system during sepsis remains relatively unexplored.  

 

For decades, references to the GI tract as the “undrained abscess” of multiple 

organ failure340 were predominant in the sepsis literature. However, our 

understanding of sepsis has since evolved considerably341. Septic patients have 

several changes in their intestinal physiology, either due to extrinsic factors 

(antibiotics and parenteral nutrition) or intrinsic factors (systemic inflammation 

and gut leakage). These changes, in turn, influence the composition of the 

enteric flora342. For example, there is evidence of rapid alterations in microbial 

membership composition during the acute phase of critical illness. When stools 

of patients with severe sepsis are examined, there seems to be a massive loss of 

microbe diversity (anaerobic diversity, particularly)343. Likewise, parenteral 

nutrition, which is common in critically ill septic patients, causes thinning of the 

protective mucus layer (decreasing barrier integrity)344 and the availability of 

SCFAs in the gut345. Most of these patients are also given opioids, which 

promote reduced gut motility and as a result, promote bacterial overgrowth. 

Another key metabolite, phosphate (Pi), is crucial for bacterial quorum sensing, 

and Pi availability to the commensals is abrogated during critical illness343. When 
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Pi is abundant, incoming cues such as those from opioids, do not transduce 

virulence, but in situations of low Pi, opioid responsiveness by bacteria (and 

accordingly, virulence) is enhanced346, 347 Antibiotics, apart from culling the 

microbiome, can down-regulate urea recycling pathways in microbes, although 

the effect of this metabolic change in the prognosis of critical illness has yet to be 

elucidated348. There are several reasons why sepsis-induced 

immunosuppression of CD4 T-cells349 seems to be a phenomenon intricately 

linked to gut dysbiosis. They involve three basic parameters of 

immunocompetent T-cell responses: location, context and environment.  

 

Location. Immune responses are primed in situ, so If we take into account the 

fact that >80% of the body’s lymphocytes reside in the gut350, it is not far-fetched 

to posit that the microbiome indirectly controls the diversity and responsiveness 

of the peripheral T-cell repertoire. These factors are, in turn, heavily controlled by 

bacterial membership in the gut. This is further accentuated by the fact that in 

germ-free mice, CD4 T-cell responses are aberrant, and their total numbers are 

systemically lower than in SPF mice. 

 

Context. During sepsis, the gut and the spleen are the only solid organs in 

which apoptosis is reliably found, and epithelial cells are the only type of cell that 

is consistently found to undergo apoptosis in critically ill patients351. Human 
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autopsy studies and mouse models of sepsis have demonstrated that the 

phenomenon of lymphocyte apoptosis37, 260, 351, 352, 353, 354, 355, 356, 357 is only rivaled 

by epithelial cell death in the gut lumen of septic hosts248, 249, 250, 251, 252. An even 

more surprising connection is the notion that CD4 T-cells might be directly 

affecting the fate of epithelial integrity in sepsis358, 359, 360.  

 

Environment. Dysbiosis, mucosal damage and overgrowth of pathogenic 

microbes in the host may overwhelm or confuse the immune system (especially 

when occurring simultaneously), creating inadequate cytokine environments that 

lead to exacerbated immune responses, like those seen in autoimmunity. It may 

also create mixed environments; aberrant responses with proliferative and 

suppressive cues361 that ultimately cause apoptotic death of T-cells. Similarly, 

loss of epithelial barrier integrity in sepsis might lead to mixed cytokine 

environments that overwhelm correct T-cell function and promote apoptosis 

aided by other pro-apoptotic factors, including extracellular histone release362 

and oxidative stress363. In support of this theory, a mixture of regulatory and 

inflammatory T-cells are found systemically in septic patients364, 365, 366, 367, 368, 

which might also be the reason why lung injury is common in septic hosts without 

initial pulmonary septic foci driving the inflammatory response.  
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VIII. Sepsis-induced Lymphopenia and Host Commensalism. 

The effect of gut microbiota on innate immunity to systemic infection with viruses 

and bacteria has been well documented;223, 229, 230 it has been difficult, however, 

to understand how the microbiota affects non-mucosal T-cell responses, given 

that peripheral T-cells are not in direct contact with commensal bacteria222. This 

is important, since CD4 T-cells (and more recently Th17 cells, specifically) have 

been long been suspected of having a role in the level of inflammation during the 

acute phase of sepsis, with some reports claiming that CD4 T-cells directly 

modulate gut epithelium apoptosis and mediate survival during sepsis214. Indeed, 

Th17s are known to mediate abscess formation in abdominal sepsis by an IL17-

dependent mechanism,233 and have been described as “critical mediators” of the 

innate response in sepsis.234 However, whether their role is more protective than 

pathogenic in septic patients is a subject of current debate and extensively 

reviewed elsewhere.235 The increasing amounts of evidence that grew over the 

last 5-10 years shows that the gastrointestinal tract has clear functions outside 

the digestion and excretion of foodstuffs. We have previously shown that CD4 T 

cell recovery after sepsis is accompanied by changes in antigenic repertoire 

diversity, despite CD4 counts returning to baseline.211  

 

Our recent work in the subject demonstrates that microbes in symbiosis with the 

enteric system can modulate the recovery of Ag-specific CD4 T-cell populations 
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during a state of sepsis-induced lymphopenia. In our studies, we have found that 

a CD4 T-cell population with commensal specificity fares better after sepsis, in 

terms of pre-immune repertoire size, expansion after heterologous challenge and 

functional capacity after sepsis (Figure 4-3). In addition, Ag-specific CD4 T-cell 

populations are able to mount (and enhance) epitope-specific CD4 T-cell 

responses after sepsis, but only if the bacterium to which they react is a member 

of the host microbiome. Therefore, it is possible that the recovery of antigen-

specific populations with diminished repertoire diversity is modulated by cross-

reactivity with microbial Ag found in the gut. In the context of a pathogen-specific 

response, the abnormal recovery of TCR repertoire diversity within Ag-specific 

populations could potentially lead to aberrant responses such as decreased 

affinity for immune-dominant antigen peptides. This effect of microbes in the 

recovery of CD4 T cells after sepsis might account for the susceptibility to 

opportunistic infections, and diminished lymphocyte function seen in sepsis. 

 

 

 



  

  129 

IX. Concluding remarks 

 

Bacteria populated the Earth 2 billion years before the first signs of eukaryotic life 

and they inhabit virtually every terrestrial and aquatic niche on the planet, even 

some of the most extreme and extraordinary. It should be of no surprise that we 

(as an ecological niche) have also been colonized, and bacteria have even 

integrated themselves into our evolution as mitochondria, the descendants of 

ancient bacterial organisms369. Despite their long-standing claim to this world, we 

were unaware of their existence until very recently (~150 years), when 

bacteriology was placed at the center of our understanding of infection and 

illness.  

 

In 1996, Rolf Zinkernagel wrote a review in Science targeted to a generation of 

immunologists that had focused their efforts on dissecting immune responses to 

haptens and model antigens. Zinkernagel’s thought-provoking review, 

“Immunology taught by viruses”, argued that deeper immunological insight could 

be gained from the vantage point of viruses370, echoing Janeway’s prior assertion 

that advancements in the field would necessitate “the rediscovery of microbiology 

by immunologists”371. If understanding pathogenic microbes was the leitmotif of 

20th century medicine, enteric immunity appears poised to take on that role in the 

21st century. 
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The impact of the microbiome on T-cell function is beginning to be discovered, 

although we are only beginning to study this fascinating part of the immune 

system. The technological advancements, and new insights into mucosal 

immunity hint at a beneficial co-evolution of the immune system and the resident 

bacterial organisms in our body372. Although plenty of “unknown unknowns” 

remain in our understanding of enteric immunity, it is unquestionable that the 

microbiota plays an important role in inducing systemic tolerance in the immune 

system of the host.  

 

Successful enteric immunity is dependent not just on the bacterial tenants, but on 

the physical barriers that compartmentalize host and microbe, as well as the 

residing immune cells along said barriers. The maintenance of homeostasis with 

commensal residents, in turn, improves host protection against invading 

pathogens289. In addition, the cytokine milieu created by the direct and indirect 

interactions between the microbes and the enterocyte barrier seems to play a big 

role in the polarization of CD4 T-cells, and whether T-cell mediated immune 

responses to intestinal pathogens veer towards a tolerogenic or an inflammatory 

Ag-specific response. Indeed, the explosion of microbiome studies within the last 

decade has cemented the idea that a trifecta of epithelial barrier integrity, 

microbial flora and adequate innate immune responses303 is uniquely important 

to the development of healthy effector CD4 T-cell responses. Insights into the 
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interaction between microbiome and mucosal immunity will lead to advances in 

poorly understood syndromes, particularly those with compromised CD4 T-cell 

function.  
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Figure 4-1. Overview of the interaction between the microbiome and the immune system. 
Illustration of jejunal enterocyte histology with particular attention to the lamina propria and its 
resident immune cells (dendritic cells, macrophages, innate lymphoid cells (ILC) and T-cells.  The 
enteric immune system provides CD4 T-cells with both potential for survival and for polarization 
into different effector subtypes. In terms of survival, Naïve CD4 T-cells might home to the gut and 
interact with cross-reactive Ag derived from the biomass in the lumen via Ag presentation from a 
class-II expressing cell (either traditional APC, specialized intestinal epithelia or due to induced 
expression of class-II in enterocytes). In addition, survival factors such as TSLP may be 
expressed by the enterocytes. Memory CD4 T-cells, which can be directly reactive to the antigens 
in question, or cross-reactive, and can receive survival cues from similar immune components in 
the gut environment. Both cell subsets can receive polarizing cues (drawn in this illustration as 
interleukin 21, and interleukin 6) predisposing the CD4 T-cells in question to adopt a Th17 
phenotype, which is central in both gut immunity and inflammatory bowel diseases.
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Figure 4-2. Commensal-specific CD4 T-cells are modulated by bacterial metabolites and 
carefully balanced microbial gut membership. 
SFB attachment to epithelial surface induces RegIIIγ production by either gamma delta 
intrapepithelial lymphocytes or enteric epithelial cells, ultimately influencing the cytokine secretion 
of type-3 innate lymphoid cells (ILC3s). SFB also sets up Th17 polarization in the intestinal 
lamina propria via mechanisms known to involve host production of serum amyloid A (SAA) and 
antigen presentation (currently believed to be through CX3CR1+ phagocytes). In contrast, B. 
fragilis PSA interacts with TLR2 on DCs to induce colonic Tregs. In addition, Clostridial species, 
as well as a group of Bacteroidetes en masse–including B. caccae, B. massiliensis, B. 
thetaiotaomicron, B. vulgatus, and P. distasonis–have been reported to induce colonic Tregs, 
presumably via bacterial production of SCFAs. Indole metabolism by certain bacterial species 
(Lactobacilli, in particular) can create Aryl hydrocarbon receptor ligands, thus possibly 
contributing to both Th17 polarization and enteric Treg induction.  
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Figure 4-3. The recovery of CD4 T cells after sepsis involves antigen-dependent and 
independent pathways. 
The “coloring” of T-cells depicted in the top of the illustration represents different antigen-specific 
populations, amongst a representation of the peripheral CD4 T-cell mass. Sepsis causes a 
stochastic loss of CD4 T-cells by apoptosis, and the end result for a significant group of patients 
is a state of lymphopenia that is most pronounced for certain cell populations (one such 
lymphocyte being CD4 T-cells). After sepsis, however, the bulk number of peripheral CD4 T-cells 
(i.e. CD4 counts) return to baseline. Despite the numerical recovery of peripheral T-cells, the 
diversity and size of several antigen-specific CD4 T-cell populations changes after sepsis. The 
bottom square “zooms in” in some of the changes occurring to specific CD4 T cell populations 
during sepsis that make it possible for antigenic diversity to change. These include both antigen-
dependent and independent pathways of recovery. Antigen-independent changes in T-cell 
recovery is mediated mostly by homeostatic proliferation, whereas Antigen-dependent changes in 
T-cell repertoire distribution are influenced by (mostly) cross-reactivity to Ag sampled from the 
host microbiome.
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