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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 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.

2

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
3

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.

4

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.
5

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 immunopathophysiological 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 antiinflammatory 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
6

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
7

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
8

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
9

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 IFNγ 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 Tcell 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 Tcell 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 sepsisinduced 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 antigenspecific 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
107, 108, 109

and occurring at the time of high pathogen burden

. 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 selfpeptide: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 Tcells 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 Tcell 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
15

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 antigenspecific 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, immunemodulatory 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 Tcell 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 offtarget 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 highdose 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.
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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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A “Exhuberant Response”
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Mixed SIRS/CARS
model of sepsis
• End-organ damage
• Hemodynamic instability

model of sepsis

Sepsis

IL-1β, IL-6,
TNF-α
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IL-4, IL-10,
TGF-β
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• Immunosuppression
• Susceptibility to opportunistic
infections

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 costimulatory 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 proinflammatory 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 hypermethylation 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
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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 antiTNF 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 singlecell 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 fluorochromeconjugated 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), PerCPCy5.5CD11b (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); PE35

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); PerCPeFluor®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 Tcells 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 CLPtreated 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 “Agexperienced” 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 TCRtransgenic 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 shamtreated 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 postCLP was asymmetric (Fig. 2-4B). Quantitatively, the 2W1S- and Listeria LLO190201-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-, HSV1 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 Agspecific 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. albicans2W1S 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 CLPtreated 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 Tcell 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 Agspecific 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 Tcell 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 CLPtreated 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 (OVA323specific) 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 Tcells 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 Tcell 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 Agspecific 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 TCRtg 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 23 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
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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 Tcell 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 Agspecific 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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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
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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.
7
monocytogenes (Lm-2W or Lm-OVA; 10 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
+
b+
b+
CD44 2W:I-A or OVA323:I-A CD4 T-cells was determined. B. Representative flow plots of
+
b+
intracellular IFNγ and TNFα detection in the CD44 2W:I-A CD4 T-cells after in vivo peptide
lo
brestimulation. Plots show cells gated from internal control populations (CD44 2W:I-A CD4 Tb
cells) denoted as background (“BKG”) or 2W:I-A -enriched CD4 T-cells from sham- or CLP+
b+
treated mice. C-D. Frequency and number of CD44 2W:I-A -specific CD4 T-cells in the spleen
producing IFNγ (C) or TNFα and IFNγ (D). E. Representative flow plots of intracellular IFNγ and
+
b+
TNFα detection in the CD44 OVA323:I-A CD4 T-cells after in vivo peptide restimulation. Plots
lo
bshow cells gated from internal control populations (CD44 OVA323:I-A CD4 T-cells) denoted as
b
background (“BKG”) or OVA323:I-A -enriched CD4 T-cells from sham- or CLP-treated mice. F.
+
b+
Frequency and number of CD44 OVA323:I-A -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.
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FIGURE 2-8. Sepsis alters the T-cell receptor clonotype composition of Ag-specific CD4 Tcell 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
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Vβ mAb. Representative flow plots showing the gating strategy to identify Vβ usage on 2W:I-A specific CD4 T-cells using TCR panel #1. B. Usage profile for TCR Vβ gene segments in total
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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 Tcell 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
b

burden, and superior expansion of I-A /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 Tcells 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 Tcells (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.
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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 Tcells 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 antiTNF 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 fluorochromeconjugated 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 TC1118H10.1; BioLegend), APC and BV650 IFNγ (clone XMG1.2; BioLegend), The
rest of the mAb used were from eBioscience: PerCP-Cy5.5 B220 (clone RA36B2) 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/3340specific 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 Tcells 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. 374

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 IAb/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 Tcells 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. 33B). 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. 33C,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. 34A). 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 Agspecific 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 IAb/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/3340specific 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 IFNγproducing 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 cytokineproducing, 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 CLPtreated 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 SFBcolonized 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
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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 microbiomespecific 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 NP311specific 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 T84

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 IAb/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/CRLderived 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 crossreactivity of viral epitopes to commensal Ag is occurring after CLP sepsis.

86

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 IL17, 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 (IAb/NP311-specific) that behaves as if cross-reactive to some particular, yet-to-bediscovered, 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 IAb/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, commensalspecific cells are able to mount (and interestingly enhance) efficient epitopespecific 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 3340specific CD4 T-cells in the periphery.
A, Gating strategy. Splenocytes of B6 mice from The Jackson Laboratory (eg., SFB-free) or
b
Taconic Farms (SFB-colonized) were harvested, and I-A /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
b
b
pools. C and D, I-A /3340-specific (C) and I-A /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
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I-Ab/3340-specific and I-Ab/2W1S-specific CD4 T-cells. F & G, Frequency of CD44 cells among
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b
I-A /3340-specific (F) and I-A /2W1S-specific CD4 T-cells (G) in naïve cohorts originating from
The Jackson Laboratory or Taconic Farms. Statistics shown were obtained via group-wise, oneway ANOVA analyses with multiple-testing correction using the Holm-Sidak method, and α =
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A /3340-specific CD4 T-cells after sepsis.
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Figure 3-6. After sepsis, Ib
A /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 Ib
A /3340-specific CD4 T-cells.
Plots show the frequency (C-D)
b
and number (E-F) if I-A /3340specific, cytokine-secreting
CD4+ T-cells for Interferon
gamma (C,E) and TNF-alpha
(D,F). Statistics shown were
obtained using ordinary oneway 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 3-10. I-A /NP311-specific CD4 T-cell show adequate function after pathogen
challenge dependent on host microbiome.
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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, hyperhygienic 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 evolutionarilydetermined 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 NODlike receptors (NLRs); downstream effects of this recognition include polarized
transport of antigen for presentation, and the secretion of proliferative (IL-7, IL22) 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 Tcells, 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 Agpresenting 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 antigenpresenting cells with a balancing role in the activation and tolerance of Agspecific 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 commensalderived antigens, either by directly contacting the bacteria through extension of
dendrites into the gut lumen or by detecting bacterial products, such as serumamyloid-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 IgAproducing 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 (FoxP3expressing CD4 T-cells, or Tregs). These changes have been shown to be Agspecific (e.g. Ag from the microbe is specifically recognized by a subset of Tcells) 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 Tcells, 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 Tcells 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 deacetylases (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 IL17dependent 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 antigenspecific populations with diminished repertoire diversity is modulated by crossreactivity 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.
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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 antigendependent 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.

134

References and Works Cited

135

1.

Geroulanos S, Douka ET. Historical perspective of the word "sepsis". Intensive Care Med
2006, 32(12): 2077.

2.

Hippocrates. On regimen on acute disease. The genuine works of Hippocrates. Gryphon
Editions, Ltd.: New York, NY, 1886.

3.

Galeni C. De Symptomatum Causis (On the causes of symptoms). In: Lateranensem I
(ed). Pergameni medicorum facile principis. Apud Iacobum Dupuys: Paris, 1549, pp 56169.

4.

Thurston AJ. Of blood, inflammation and gunshot wounds: the history of the control of
sepsis. Aust N Z J Surg 2000, 70(12): 855-861.

5.

Baue AE. Sepsis research: what did we do wrong? What would Semmelweis do today?
Shock 2001, 16(1): 1-8.

6.

Vincent JL, Opal SM, Marshall JC, Tracey KJ. Sepsis definitions: time for change. Lancet
2013, 381: 774-775.

7.

Iwashyna TJ, Netzer G, Langa KM, Cigolle C. Spurious inferences about long-term
outcomes: the case of severe sepsis and geriatric conditions. Am J Respir Crit Care Med
2012, 185(8): 835-841.

8.

Wang HE, Shapiro NI, Angus DC, Yealy DM. National estimates of severe sepsis in
United States emergency departments. Crit Care Med 2007, 35(8): 1928-1936.

9.

Turnbull IR, Clark AT, Stromberg PE, Dixon DJ, Woolsey CA, Davis CG, et al. Effects of
aging on the immunopathologic response to sepsis. Crit Care Med 2009, 37(3): 10181023.

10.

Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky MR.
Epidemiology of severe sepsis in the United States: analysis of incidence, outcome, and
associated costs of care. Crit Care Med 2001, 29(7): 1303-1310.

11.

Hall MJ, Williams S, DeFrances C, Golosinskiy A. Inpatient care for septicemia or sepsis:
A challenge for patients and hospitals. Hyattsville, MD: Centers for Disease Control;
2011.

12.

Heyland DK, Hopman W, Coo H, Tranmer J, McColl MA. Long-term health-related quality
of life in survivors of sepsis. Short Form 36: a valid and reliable measure of health-related
quality of life. Crit Care Med 2000, 28(11): 3599-3605.

13.

Stoecklein VM, Osuka A, Lederer JA. Trauma equals danger--damage control by the
immune system. J Leukoc Biol 2012, 92(3): 539-551.

14.

Hotchkiss RS, Karl IE. Cytokine blockade in sepsis--Are two better than one? Crit Care
Med 2001, 29(3): 671-672.

15.

Pinsky MR, Vincent JL, Deviere J, Alegre M, Kahn RJ, Dupont E. Serum cytokine levels
in human septic shock. Relation to multiple-system organ failure and mortality. Chest
1993, 103(2): 565-575.

136

16.

Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA, et al. Definitions for
sepsis and organ failure and guidelines for the use of innovative therapies in sepsis. The
ACCP/SCCM Consensus Conference Committee. American College of Chest
Physicians/Society of Critical Care Medicine. Chest 1992, 101(6): 1644-1655.

17.

Hotchkiss RS, Karl IE. The pathophysiology and treatment of sepsis. N Engl J Med 2003,
348(2): 138-150.

18.

Landry DW, Oliver JA. The pathogenesis of vasodilatory shock. New Engl J Med 2001,
345(8): 588-595.

19.

Abraham E, Laterre PF, Garbino J, Pingleton S, Butler T, Dugernier T, et al. Lenercept
(p55 tumor necrosis factor receptor fusion protein) in severe sepsis and early septic
shock: a randomized, double-blind, placebo-controlled, multicenter phase III trial with
1,342 patients. Crit Care Med 2001, 29(3): 503-510.

20.

Dhainaut JF, Tenaillon A, Le Tulzo Y, Schlemmer B, Solet JP, Wolff M, et al. Plateletactivating factor receptor antagonist BN 52021 in the treatment of severe sepsis: a
randomized, double-blind, placebo-controlled, multicenter clinical trial. BN 52021 Sepsis
Study Group. Crit Care Med 1994, 22(11): 1720-1728.

21.

Fisher CJ, Jr., Agosti JM, Opal SM, Lowry SF, Balk RA, Sadoff JC, et al. Treatment of
septic shock with the tumor necrosis factor receptor:Fc fusion protein. The Soluble TNF
Receptor Sepsis Study Group. New Engl J Med 1996, 334(26): 1697-1702.

22.

Fisher CJ, Jr., Slotman GJ, Opal SM, Pribble JP, Bone RC, Emmanuel G, et al. Initial
evaluation of human recombinant interleukin-1 receptor antagonist in the treatment of
sepsis syndrome: a randomized, open-label, placebo-controlled multicenter trial. Crit
Care Med 1994, 22(1): 12-21.

23.

Carlet J. Drotrecogin alfa (activated) administration: too many subgroups. Crit Care Med
2003, 31(10): 2564; author reply 2564-2565.

24.

Marti-Carvajal AJ, Sola I, Lathyris D, Cardona AF. Human recombinant activated protein
C for severe sepsis. Cochrane Database Syst Rev 2012, 3: CD004388.

25.

Bone RC. Sir Isaac Newton, sepsis, SIRS, and CARS. Crit Care Med 1996, 24: 11251128.

26.

Freeman BD, Nathanson C. Clinical trials in sepsis and septic shock in 1994 and 1995.
Curr Opin Crit Care 1995, 1: 349-357.

27.

Gomez HG, Gonzalez SM, Londono JM, Hoyos NA, Nino CD, Leon AL, et al.
Immunological Characterization of Compensatory Anti-Inflammatory Response
Syndrome in Patients With Severe Sepsis: A Longitudinal Study. Crit Care Med 2013.

28.

Hotchkiss RS, Monneret G, Payen D. Immunosuppression in sepsis: a novel
understanding of the disorder and a new therapeutic approach. Lancet Infect Dis 2013,
13(3): 260-268.

137

29.

Hotchkiss RS, Karl IE. Endothelial cell apoptosis in sepsis: a case of habeas corpus? Crit
Care Med 2004, 32(3): 901-902.

30.

Moldawer LL. Organ apoptosis in the septic patient: a potential therapeutic target? Crit
Care Med 1999, 27(7): 1381-1382.

31.

Castelino DJ, McNair P, Kay TW. Lymphocytopenia in a hospital population--what does it
signify? Aust N Z J Med 1997, 27(2): 170-174.

32.

Abraham E. Physiologic stress and cellular ischemia: relationship to immunosuppression
and susceptibility to sepsis. Crit Care Med 1991, 19(5): 613-618.

33.

Hotchkiss RS, Swanson PE, Knudson CM, Chang KC, Cobb JP, Osborne DF, et al.
Overexpression of Bcl-2 in transgenic mice decreases apoptosis and improves survival in
sepsis. J Immunol 1999, 162(7): 4148-4156.

34.

Tinsley KW, Cheng SL, Buchman TG, Chang KC, Hui JJ, Swanson PE, et al. Caspases 2, -3, -6, and -9, but not caspase-1, are activated in sepsis-induced thymocyte apoptosis.
Shock 2000, 13(1): 1-7.

35.

Hotchkiss RS, Chang KC, Swanson PE, Tinsley KW, Hui JJ, Klender P, et al. Caspase
inhibitors improve survival in sepsis: a critical role of the lymphocyte. Nat Immunol 2000,
1(6): 496-501.

36.

Chang KC, Unsinger J, Davis CG, Schwulst SJ, Muenzer JT, Strasser A, et al. Multiple
triggers of cell death in sepsis: death receptor and mitochondrial-mediated apoptosis.
Faseb J 2007, 21(3): 708-719.

37.

Unsinger J, Kazama H, McDonough JS, Griffith TS, Hotchkiss RS, Ferguson TA. Sepsisinduced apoptosis leads to active suppression of delayed-type hypersensitivity by CD8+
regulatory T cells through a TRAIL-dependent mechanism. J Immunol 2010, 184(12):
6766-6772.

38.

Gurung P, Rai D, Condotta SA, Babcock JC, Badovinac VP, Griffith TS. Immune
unresponsiveness to secondary heterologous bacterial infection after sepsis induction is
TRAIL dependent. J Immunol 2011, 187(5): 2148-2154.

39.

Hotchkiss RS, Tinsley KW, Karl IE. Role of apoptotic cell death in sepsis. Scand J Infect
Dis 2003, 35(9): 585-592.

40.

Hotchkiss RS, Swanson PE, Freeman BD, Tinsley KW, Cobb JP, Matuschak GM, et al.
Apoptotic cell death in patients with sepsis, shock, and multiple organ dysfunction. Crit
Care Med 1999, 27(7): 1230-1251.

41.

Le Tulzo Y, Pangault C, Gacouin A, Guilloux V, Tribut O, Amiot L, et al. Early circulating
lymphocyte apoptosis in human septic shock is associated with poor outcome. Shock
2002, 18(6): 487-494.

42.

Weber SU, Schewe JC, Lehmann LE, Muller S, Book M, Klaschik S, et al. Induction of
Bim and Bid gene expression during accelerated apoptosis in severe sepsis. Crit Care
2008, 12(5): R128.

138

43.

Pepper M, Jenkins MK. Origins of CD4(+) effector and central memory T cells. Nat
Immunol 2011, 12(6): 467-471.

44.

Green AM, Difazio R, Flynn JL. IFN-gamma from CD4 T cells is essential for host survival
and enhances CD8 T cell function during Mycobacterium tuberculosis infection. J
Immunol 2013, 190(1): 270-277.

45.

Phares TW, Stohlman SA, Hinton DR, Bergmann CC. Enhanced CD8 T-cell anti-viral
function and clinical disease in B7-H1-deficient mice requires CD4 T cells during
encephalomyelitis. J Neuroinflammation 2012, 9: 269.

46.

Badovinac VP, Messingham KA, Griffith TS, Harty JT. TRAIL deficiency delays, but does
not prevent, erosion in the quality of "helpless" memory CD8 T cells. J Immunol 2006,
177(2): 999-1006.

47.

Church SE, Jensen SM, Antony PA, Restifo NP, Fox BA. Tumor-specific CD4(+) T cells
maintain effector and memory tumor-specific CD8(+) T cells. Eur J Immunol 2014, 44(1):
69-79.

48.

Janssen EM, Droin NM, Lemmens EE, Pinkoski MJ, Bensinger SJ, Ehst BD, et al. CD4+
T-cell help controls CD8+ T-cell memory via TRAIL-mediated activation-induced cell
death. Nature 2005, 434(7029): 88-93.

49.

Sacks JA, Bevan MJ. TRAIL deficiency does not rescue impaired CD8+ T cell memory
generated in the absence of CD4+ T cell help. J Immunol 2008, 180(7): 4570-4576.

50.

Weinstein JS, Hernandez SG, Craft J. T cells that promote B-Cell maturation in systemic
autoimmunity. Immunol Rev 2012, 247(1): 160-171.

51.

Yates JL, Racine R, McBride KM, Winslow GM. T cell-dependent IgM memory B cells
generated during bacterial infection are required for IgG responses to antigen challenge.
J Immunol 2013, 191(3): 1240-1249.

52.

Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types of murine
helper T cell clone. I. Definition according to profiles of lymphokine activities and secreted
proteins. 1986. J Immunol 2005, 175(1): 5-14.

53.

Munk ME, Emoto M. Functions of T-cell subsets and cytokines in mycobacterial
infections. Eur Respir J Suppl 1995, 20: 668s-675s.

54.

Wargnier A, Lagrange PH. [Bactericidal activity of cells of the immune system]. Pathol
Biol (Paris) 1993, 41(9): 887-896.

55.

Mahon BP, Katrak K, Nomoto A, Macadam AJ, Minor PD, Mills KH. Poliovirus-specific
CD4+ Th1 clones with both cytotoxic and helper activity mediate protective humoral
immunity against a lethal poliovirus infection in transgenic mice expressing the human
poliovirus receptor. J Exp Med 1995, 181(4): 1285-1292.

56.

Hall MJ, Williams SN, DeFrances CJ, Golosinskiy A. Inpatient care for septicemia or
sepsis: a challenge for patients and hospitals. NCHS Data Brief 2011(62): 1-8.

139

57.

Chen F, Liu Z, Wu W, Rozo C, Bowdridge S, Millman A, et al. An essential role for TH2type responses in limiting acute tissue damage during experimental helminth infection.
Nat Med 2012, 18(2): 260-266.

58.

Cohen JM, Khandavilli S, Camberlein E, Hyams C, Baxendale HE, Brown JS. Protective
contributions against invasive Streptococcus pneumoniae pneumonia of antibody and
Th17-cell responses to nasopharyngeal colonisation. PLoS One 2011, 6(10): e25558.

59.

Basu R, Hatton RD, Weaver CT. The Th17 family: flexibility follows function. Immunol
Rev 2013, 252(1): 89-103.

60.

Kasten KR, Tschop J, Goetzman HS, England LG, Dattilo JR, Cave CM, et al. T-cell
activation differentially mediates the host response to sepsis. Shock 2010, 34(4): 377383.

61.

Martignoni A, Tschop J, Goetzman HS, Choi LG, Reid MD, Johannigman JA, et al. CD4expressing cells are early mediators of the innate immune system during sepsis. Shock
2008, 29(5): 591-597.

62.

Enoh VT, Lin SH, Etogo A, Lin CY, Sherwood ER. CD4+ T-cell depletion is not
associated with alterations in survival, bacterial clearance, and inflammation after cecal
ligation and puncture. Shock 2008, 29(1): 56-64.

63.

Schwartz RH, Mueller DL, Jenkins MK, Quill H. T-cell clonal anergy. Cold Spring Harb
Symp Quant Biol 1989, 54 Pt 2: 605-610.

64.

Jenkins MK, Schwartz RH. Antigen presentation by chemically modified splenocytes
induces antigen-specific T cell unresponsiveness in vitro and in vivo. J Exp Med 1987,
165(2): 302-319.

65.

Sharpe AH. Mechanisms of costimulation. Immunol Rev 2009, 229(1): 5-11.

66.

Zajac AJ, Blattman JN, Murali-Krishna K, Sourdive DJ, Suresh M, Altman JD, et al. Viral
immune evasion due to persistence of activated T cells without effector function. J Exp
Med 1998, 188(12): 2205-2213.

67.

Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev
Cancer 2012, 12(4): 252-264.

68.

Richer MJ, Nolz JC, Harty JT. Pathogen-specific inflammatory milieux tune the antigen
sensitivity of CD8(+) T cells by enhancing T cell receptor signaling. Immunity 2013, 38(1):
140-152.

69.

Ayres JS, Schneider DS. Tolerance of infections. Annu Rev Immunol 2012, 30: 271-294.

70.

Wherry EJ. T cell exhaustion. Nat Immunol 2011, 12(6): 492-499.

71.

Guignant C, Lepape A, Huang X, Kherouf H, Denis L, Poitevin F, et al. Programmed
death-1 levels correlate with increased mortality, nosocomial infection and immune
dysfunctions in septic shock patients. Crit Care 2011, 15(2): R99.

140

72.

Huang X, Venet F, Wang YL, Lepape A, Yuan Z, Chen Y, et al. PD-1 expression by
macrophages plays a pathologic role in altering microbial clearance and the innate
inflammatory response to sepsis. Proc Natl Acad Sci U S A 2009, 106(15): 6303-6308.

73.

Zhang Y, Li J, Lou J, Zhou Y, Bo L, Zhu J, et al. Upregulation of programmed death-1 on
T cells and programmed death ligand-1 on monocytes in septic shock patients. Crit Care
2011, 15(1): R70.

74.

Shubin NJ, Chung CS, Heffernan DS, Irwin LR, Monaghan SF, Ayala A. BTLA
expression contributes to septic morbidity and mortality by inducing innate inflammatory
cell dysfunction. J Leukoc Biol 2012, 92(3): 593-603.

75.

Shubin NJ, Monaghan SF, Heffernan DS, Chung CS, Ayala A. B and T lymphocyte
attenuator expression on CD4+ T-cells associates with sepsis and subsequent infections
in ICU patients. Crit Care 2013, 17(6): R276.

76.

Meakins JL, Pietsch JB, Bubenick O, Kelly R, Rode H, Gordon J, et al. Delayed
hypersensitivity: indicator of acquired failure of host defenses in sepsis and trauma. Ann
Surg 1977, 186(3): 241-250.

77.

De AK, Kodys KM, Pellegrini J, Yeh B, Furse RK, Bankey P, et al. Induction of global
anergy rather than inhibitory Th2 lymphokines mediates posttrauma T cell
immunodepression. Clin Immunol 2000, 96(1): 52-66.

78.

Heidecke CD, Hensler T, Weighardt H, Zantl N, Wagner H, Siewert JR, et al. Selective
defects of T lymphocyte function in patients with lethal intraabdominal infection. Am J
Surg 1999, 178(4): 288-292.

79.

Roth G, Moser B, Krenn C, Brunner M, Haisjackl M, Almer G, et al. Susceptibility to
programmed cell death in T-lymphocytes from septic patients: a mechanism for
lymphopenia and Th2 predominance. Biochem Biophys Res Commun 2003, 308(4): 840846.

80.

Venet F, Pachot A, Debard AL, Bohe J, Bienvenu J, Lepape A, et al. Increased
percentage of CD4+CD25+ regulatory T cells during septic shock is due to the decrease
of CD4+CD25- lymphocytes. Crit Care Med 2004, 32(11): 2329-2331.

81.

Wick M, Kollig E, Muhr G, Koller M. The potential pattern of circulating lymphocytes
TH1/TH2 is not altered after multiple injuries. Arch Surg 2000, 135(11): 1309-1314.

82.

Boomer JS, To K, Chang KC, Takasu O, Osborne DF, Walton AH, et al.
Immunosuppression in patients who die of sepsis and multiple organ failure. Jama 2011,
306(23): 2594-2605.

83.

O'Sullivan ST, Lederer JA, Horgan AF, Chin DH, Mannick JA, Rodrick ML. Major injury
leads to predominance of the T helper-2 lymphocyte phenotype and diminished
interleukin-12 production associated with decreased resistance to infection. Ann Surg
1995, 222(4): 482-490; discussion 490-482.

141

84.

Pachot A, Monneret G, Voirin N, Leissner P, Venet F, Bohe J, et al. Longitudinal study of
cytokine and immune transcription factor mRNA expression in septic shock. Clin Immunol
2005, 114(1): 61-69.

85.

Carson WFt, Cavassani KA, Ito T, Schaller M, Ishii M, Dou Y, et al. Impaired CD4+ T-cell
proliferation and effector function correlates with repressive histone methylation events in
a mouse model of severe sepsis. Eur J Immunol 2010, 40(4): 998-1010.

86.

Ouwendijk WJ, Laing KJ, Verjans GM, Koelle DM. T-cell immunity to human
alphaherpesviruses. Curr Opin Virol 2013, 3(4): 452-460.

87.

Limaye AP, Kirby KA, Rubenfeld GD, Leisenring WM, Bulger EM, Neff MJ, et al.
Cytomegalovirus reactivation in critically ill immunocompetent patients. Jama 2008,
300(4): 413-422.

88.

Laing KJ, Dong L, Sidney J, Sette A, Koelle DM. Immunology in the Clinic Review Series;
focus on host responses: T cell responses to herpes simplex viruses. Clin Exp Immunol
2012, 167(1): 47-58.

89.

Rinaldo CR, Jr., Torpey DJ, 3rd. Cell-mediated immunity and immunosuppression in
herpes simplex virus infection. Immunodeficiency 1993, 5(1): 33-90.

90.

Luyt CE, Combes A, Deback C, Aubriot-Lorton MH, Nieszkowska A, Trouillet JL, et al.
Herpes simplex virus lung infection in patients undergoing prolonged mechanical
ventilation. Am J Respir Crit Care Med 2007, 175(9): 935-942.

91.

Monserrat J, de Pablo R, Diaz-Martin D, Rodriguez-Zapata M, de la Hera A, Prieto A, et
al. Early alterations of B cells in patients with septic shock. Crit Care 2013, 17(3): R105.

92.

Kelly-Scumpia KM, Scumpia PO, Weinstein JS, Delano MJ, Cuenca AG, Nacionales DC,
et al. B cells enhance early innate immune responses during bacterial sepsis. J Exp Med
2011, 208(8): 1673-1682.

93.

Rauch PJ, Chudnovskiy A, Robbins CS, Weber GF, Etzrodt M, Hilgendorf I, et al. Innate
response activator B cells protect against microbial sepsis. Science 2012, 335(6068):
597-601.

94.

Djoumerska-Alexieva I, Pashova S, Vassilev T, Pashov A. The protective effect of
modified intravenous immunoglobulin in LPS sepsis model is associated with an
increased IRA B cells response. Autoimmun Rev 2013, 12(6): 653-656.

95.

Nakamura K, Doi K, Okamoto K, Arai S, Ueha S, Matsushima K, et al. Specific antibody
in IV immunoglobulin for postsplenectomy sepsis. Crit Care Med 2013, 41(8): e163-170.

96.

Mohr A, Polz J, Martin EM, Griessl S, Kammler A, Potschke C, et al. Sepsis leads to a
reduced antigen-specific primary antibody response. Eur J Immunol 2012, 42(2): 341352.

97.

Potschke C, Kessler W, Maier S, Heidecke CD, Broker BM. Experimental sepsis impairs
humoral memory in mice. PLoS One 2013, 8(11): e81752.

142

98.

Scumpia PO, Delano MJ, Kelly-Scumpia KM, Weinstein JS, Wynn JL, Winfield RD, et al.
Treatment with GITR agonistic antibody corrects adaptive immune dysfunction in sepsis.
Blood 2007, 110(10): 3673-3681.

99.

Cheadle WG, Pemberton RM, Robinson D, Livingston DH, Rodriguez JL, Polk HC, Jr.
Lymphocyte subset responses to trauma and sepsis. J Trauma 1993, 35(6): 844-849.

100.

Chen X, Ye J. Analysis of peripheral blood lymphocyte subsets and prognosis in patients
with septic shock. Microbiol Immunol 2011, 55(10): 736-742.

101.

Gouel-Cheron A, Venet F, Allaouchiche B, Monneret G. CD4+ T-lymphocyte alterations
in trauma patients. Crit Care 2012, 16(3): 432.

102.

Heffernan DS, Monaghan SF, Thakkar RK, Machan JT, Cioffi WG, Ayala A. Failure to
normalize lymphopenia following trauma is associated with increased mortality,
independent of the leukocytosis pattern. Crit Care 2012, 16(1): R12.

103.

Hoser GA, Skirecki T, Zlotorowicz M, Zielinska-Borkowska U, Kawiak J. Absolute counts
of peripheral blood leukocyte subpopulations in intraabdominal sepsis and pneumoniaderived sepsis: a pilot study. Folia Histochem Cytobiol 2012, 50(3): 420-426.

104.

Hotchkiss RS, Tinsley KW, Swanson PE, Schmieg RE, Jr., Hui JJ, Chang KC, et al.
Sepsis-induced apoptosis causes progressive profound depletion of B and CD4+ T
lymphocytes in humans. J Immunol 2001, 166(11): 6952-6963.

105.

Inoue S, Suzuki-Utsunomiya K, Okada Y, Taira T, Iida Y, Miura N, et al. Reduction of
immunocompetent T cells followed by prolonged lymphopenia in severe sepsis in the
elderly. Crit Care Med 2013, 41(3): 810-819.

106.

Roger PM, Hyvernat H, Ticchioni M, Kumar G, Dellamonica J, Bernardin G. The early
phase of human sepsis is characterized by a combination of apoptosis and proliferation
of T cells. J Crit Care 2012, 27(4): 384-393.

107.

Baker CC, Miller CL, Trunkey DD, Lim RC, Jr. Identity of mononuclear cells which
compromise the resistance of trauma patients. J Surg Res 1979, 26(5): 478-487.

108.

Hansbrough JF, Bender EM, Zapata-Sirvent R, Anderson J. Altered helper and
suppressor lymphocyte populations in surgical patients. A measure of postoperative
immunosuppression. Am J Surg 1984, 148(3): 303-307.

109.

Munster AM. Post-traumatic immunosuppression is due to activation of suppressor T
cells. Lancet 1976, 1(7973): 1329-1330.

110.

Sportes C, Hakim FT, Memon SA, Zhang H, Chua KS, Brown MR, et al. Administration of
rhIL-7 in humans increases in vivo TCR repertoire diversity by preferential expansion of
naive T cell subsets. J Exp Med 2008, 205(7): 1701-1714.

111.

Surh CD, Sprent J. Homeostasis of naive and memory T cells. Immunity 2008, 29(6):
848-862.

143

112.

Boyman O, Letourneau S, Krieg C, Sprent J. Homeostatic proliferation and survival of
naive and memory T cells. Eur J Immunol 2009, 39(8): 2088-2094.

113.

Sprent J, Surh CD. Normal T cell homeostasis: the conversion of naive cells into
memory-phenotype cells. Nat Immunol 2011, 12(6): 478-484.

114.

Unsinger J, Kazama H, McDonough JS, Hotchkiss RS, Ferguson TA. Differential
lymphopenia-induced homeostatic proliferation for CD4+ and CD8+ T cells following
septic injury. J Leukoc Biol 2009, 85(3): 382-390.

115.

Houston EG, Jr., Boursalian TE, Fink PJ. Homeostatic signals do not drive post-thymic T
cell maturation. Cell Immunol 2012, 274(1-2): 39-45.

116.

Sauce D, Larsen M, Fastenackels S, Roux A, Gorochov G, Katlama C, et al.
Lymphopenia-driven homeostatic regulation of naive T cells in elderly and thymectomized
young adults. J Immunol 2012, 189(12): 5541-5548.

117.

Hiramatsu M, Hotchkiss RS, Karl IE, Buchman TG. Cecal ligation and puncture (CLP)
induces apoptosis in thymus, spleen, lung, and gut by an endotoxin and TNFindependent pathway. Shock 1997, 7(4): 247-253.

118.

Tubo NJ, Pagan AJ, Taylor JJ, Nelson RW, Linehan JL, Ertelt JM, et al. Single naive
CD4+ T cells from a diverse repertoire produce different effector cell types during
infection. Cell 2013, 153(4): 785-796.

119.

Surh CD, Lee DS, Fung-Leung WP, Karlsson L, Sprent J. Thymic selection by a single
MHC/peptide ligand produces a semidiverse repertoire of CD4+ T cells. Immunity 1997,
7(2): 209-219.

120.

Malherbe L, Hausl C, Teyton L, McHeyzer-Williams MG. Clonal selection of helper T cells
is determined by an affinity threshold with no further skewing of TCR binding properties.
Immunity 2004, 21(5): 669-679.

121.

Moses CT, Thorstenson KM, Jameson SC, Khoruts A. Competition for self ligands
restrains homeostatic proliferation of naive CD4 T cells. Proc Natl Acad Sci U S A 2003,
100(3): 1185-1190.

122.

Nagata MP, Gentry CA, Hampton EM. Is there a therapeutic or pharmacokinetic rationale
for amphotericin B dosing in systemic Candida infections? Ann Pharmacother 1996,
30(7-8): 811-818.

123.

Venet F, Filipe-Santos O, Lepape A, Malcus C, Poitevin-Later F, Grives A, et al.
Decreased T-cell repertoire diversity in sepsis: a preliminary study. Crit Care Med 2013,
41(1): 111-119.

124.

Condotta SA, Rai D, James BR, Griffith TS, Badovinac VP. Sustained and incomplete
recovery of naive CD8+ T cell precursors after sepsis contributes to impaired CD8+ T cell
responses to infection. J Immunol 2013, 190(5): 1991-2000.

125.

Hataye J, Moon JJ, Khoruts A, Reilly C, Jenkins MK. Naive and memory CD4+ T cell
survival controlled by clonal abundance. Science 2006, 312(5770): 114-116.

144

126.

Leng FY, Liu JL, Liu ZJ, Yin JY, Qu HP. Increased proportion of CD4(+)CD25(+)Foxp3(+)
regulatory T cells during early-stage sepsis in ICU patients. J Microbiol Immunol Infect
2013, 46(5): 338-344.

127.

Monneret G, Debard AL, Venet F, Bohe J, Hequet O, Bienvenu J, et al. Marked elevation
of human circulating CD4+CD25+ regulatory T cells in sepsis-induced immunoparalysis.
Crit Care Med 2003, 31(7): 2068-2071.

128.

Ono S, Kimura A, Hiraki S, Takahata R, Tsujimoto H, Kinoshita M, et al. Removal of
increased circulating CD4+CD25+Foxp3+ regulatory T cells in patients with septic shock
using hemoperfusion with polymyxin B-immobilized fibers. Surgery 2013, 153(2): 262271.

129.

Okeke EB, Okwor I, Mou Z, Jia P, Uzonna JE. CD4+CD25+ regulatory T cells attenuate
lipopolysaccharide-induced systemic inflammatory responses and promotes survival in
murine Escherichia coli infection. Shock 2013, 40(1): 65-73.

130.

Zheng YS, Wu ZS, Ni HB, Ke L, Tong ZH, Li WQ, et al. Codonopsis Pilosula
Polysaccharide Attenuates CLP Sepsis via Circuiting Tregs in Mice. Shock 2013.

131.

Kuhlhorn F, Rath M, Schmoeckel K, Cziupka K, Nguyen HH, Hildebrandt P, et al. Foxp3+
regulatory T cells are required for recovery from severe sepsis. PLoS One 2013, 8(5):
e65109.

132.

Tatura R, Zeschnigk M, Adamzik M, Probst-Kepper M, Buer J, Kehrmann J.
Quantification of regulatory T cells in septic patients by real-time PCR-based methylation
assay and flow cytometry. PLoS One 2012, 7(11): e49962.

133.

Carrigan SO, Yang YJ, Issekutz T, Forward N, Hoskin D, Johnston B, et al. Depletion of
natural CD4+CD25+ T regulatory cells with anti-CD25 antibody does not change the
course of Pseudomonas aeruginosa-induced acute lung infection in mice. Immunobiology
2009, 214(3): 211-222.

134.

Kwan WH, van der Touw W, Paz-Artal E, Li MO, Heeger PS. Signaling through C5a
receptor and C3a receptor diminishes function of murine natural regulatory T cells. J Exp
Med 2013, 210(2): 257-268.

135.

Strainic MG, Shevach EM, An F, Lin F, Medof ME. Absence of signaling into CD4(+) cells
via C3aR and C5aR enables autoinductive TGF-beta1 signaling and induction of
Foxp3(+) regulatory T cells. Nat Immunol 2013, 14(2): 162-171.

136.

van der Touw W, Cravedi P, Kwan WH, Paz-Artal E, Merad M, Heeger PS. Cutting edge:
Receptors for C3a and C5a modulate stability of alloantigen-reactive induced regulatory
T cells. J Immunol 2013, 190(12): 5921-5925.

137.

Ren J, Zhao Y, Yuan Y, Han G, Li W, Huang Q, et al. Complement depletion deteriorates
clinical outcomes of severe abdominal sepsis: a conspirator of infection and
coagulopathy in crime? PLoS One 2012, 7(10): e47095.

145

138.

Yuan Y, Yan D, Han G, Gu G, Ren J. Complement C3 depletion links to the expansion of
regulatory T cells and compromises T-cell immunity in human abdominal sepsis: a
prospective pilot study. J Crit Care 2013, 28(6): 1032-1038.

139.

Yuan Y, Ren J, Cao S, Zhang W, Li J. Exogenous C3 protein enhances the adaptive
immune response to polymicrobial sepsis through down-regulation of regulatory T cells.
Int Immunopharmacol 2012, 12(1): 271-277.

140.

Yuan Y, Ren J, Wu X, Cao S, Li J. Exogenous C3 postpones complement exhaustion
and confers organ protection in murine sepsis. J Surg Res 2011, 168(1): e87-94.

141.

Inoue S, Unsinger J, Davis CG, Muenzer JT, Ferguson TA, Chang K, et al. IL-15
prevents apoptosis, reverses innate and adaptive immune dysfunction, and improves
survival in sepsis. J Immunol 2010, 184(3): 1401-1409.

142.

Unsinger J, Burnham CA, McDonough J, Morre M, Prakash PS, Caldwell CC, et al.
Interleukin-7 ameliorates immune dysfunction and improves survival in a 2-hit model of
fungal sepsis. J Infect Dis 2012, 206(4): 606-616.

143.

Unsinger J, McGlynn M, Kasten KR, Hoekzema AS, Watanabe E, Muenzer JT, et al. IL-7
promotes T cell viability, trafficking, and functionality and improves survival in sepsis. J
Immunol 2010, 184(7): 3768-3779.

144.

Chang K, Svabek C, Vazquez-Guillamet C, Sato B, Rasche D, Wilson S, et al. Targeting
the programmed cell death 1: programmed cell death ligand 1 pathway reverses T cell
exhaustion in patients with sepsis. Crit Care 2014, 18(1): R3.

145.

Dirks J, Egli A, Sester U, Sester M, Hirsch HH. Blockade of programmed death receptor1 signaling restores expression of mostly proinflammatory cytokines in anergic
cytomegalovirus-specific T cells. Transpl Infect Dis 2013, 15(1): 79-89.

146.

Inoue S, Bo L, Bian J, Unsinger J, Chang K, Hotchkiss RS. Dose-dependent effect of
anti-CTLA-4 on survival in sepsis. Shock 2011, 36(1): 38-44.

147.

Venet F, Foray AP, Villars-Mechin A, Malcus C, Poitevin-Later F, Lepape A, et al. IL-7
restores lymphocyte functions in septic patients. J Immunol 2012, 189(10): 5073-5081.

148.

Dean RM, Fry T, Mackall C, Steinberg SM, Hakim F, Fowler D, et al. Association of
serum interleukin-7 levels with the development of acute graft-versus-host disease. J Clin
Oncol 2008, 26(35): 5735-5741.

149.

Goodman L, Gilman A. Goodman and Gilman's The Pharmacological Basis of
Therapeutics 12 ed. edn. McGraw-Hill Publishers: New York, NY, 2011.

150.

Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, et al. Safety and
activity of anti-PD-L1 antibody in patients with advanced cancer. New Engl J Med 2012,
366(26): 2455-2465.

151.

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al.
Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. New Engl J, Med
2012, 366(26): 2443-2454.

146

152.

Singh A, Mohan A, Dey AB, Mitra DK. Inhibiting the programmed death 1 pathway
rescues Mycobacterium tuberculosis-specific interferon gamma-producing T cells from
apoptosis in patients with pulmonary tuberculosis. J Infect Dis 2013, 208(4): 603-615.

153.

Brahmamdam P, Inoue S, Unsinger J, Chang KC, McDunn JE, Hotchkiss RS. Delayed
administration of anti-PD-1 antibody reverses immune dysfunction and improves survival
during sepsis. J Leukoc Biol 2010, 88(2): 233-240.

154.

Zhang Y, Zhou Y, Lou J, Li J, Bo L, Zhu K, et al. PD-L1 blockade improves survival in
experimental sepsis by inhibiting lymphocyte apoptosis and reversing monocyte
dysfunction. Crit Care 2010, 14(6): R220.

155.

den Hollander MW, Gietema JA, de Jong S, Walenkamp AM, Reyners AK, Oldenhuis
CN, et al. Translating TRAIL-receptor targeting agents to the clinic. Cancer Lett 2013,
332(2): 194-201.

156.

Lee HO, Herndon JM, Barreiro R, Griffith TS, Ferguson TA. TRAIL: a mechanism of
tumor surveillance in an immune privileged site. J Immunol 2002, 169(9): 4739-4744.

157.

Griffith TS, Brincks EL, Gurung P, Kucaba TA, Ferguson TA. Systemic immunological
tolerance to ocular antigens is mediated by TRAIL-expressing CD8+ T cells. J Immunol
2011, 186(2): 791-798.

158.

Griffith TS, Kazama H, VanOosten RL, Earle JK, Jr., Herndon JM, Green DR, et al.
Apoptotic cells induce tolerance by generating helpless CD8+ T cells that produce
TRAIL. J Immunol 2007, 178(5): 2679-2687.

159.

Gurung P, Kucaba TA, Schoenberger SP, Ferguson TA, Griffith TS. TRAIL-expressing
CD8+ T cells mediate tolerance following soluble peptide-induced peripheral T cell
deletion. J Leukoc Biol 2010, 88(6): 1217-1225.

160.

Tian Y, Tao T, Zhu J, Zou Y, Wang J, Li J, et al. Soluble tumor necrosis factor related
apoptosis inducing ligand level as a predictor of severity of sepsis and the risk of mortality
in septic patients. PLoS One 2013, 8(12): e82204.

161.

Quartin AA, Schein RM, Kett DH, Peduzzi PN. Magnitude and duration of the effect of
sepsis on survival. Department of Veterans Affairs Systemic Sepsis Cooperative Studies
Group. Jama 1997, 277(13): 1058-1063.

162.

Wang HE, Szychowski JM, Griffin R, Safford MM, Shapiro NI, Howard G. Long-term
mortality after community-acquired sepsis: a longitudinal population-based cohort study.
BMJ Open 2014, 4(1): e004283.

163.

Perl TM, Dvorak L, Hwang T, Wenzel RP. Long-term survival and function after
suspected gram-negative sepsis. Jama 1995, 274(4): 338-345.

164.

Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nature
Rev Immunol 2008, 8(12): 958-969.

147

165.

Pepper M, Pagan AJ, Igyarto BZ, Taylor JJ, Jenkins MK. Opposing signals from the Bcl6
transcription factor and the interleukin-2 receptor generate T helper 1 central and effector
memory cells. Immunity 2011, 35(4): 583-595.

166.

Angus DC. The search for effective therapy for sepsis: back to the drawing board? Jama
2011, 306(23): 2614-2615.

167.

Conference ACoCPSoCCMC. Definitions for sepsis and organ failure and guidelines for
the use of innovative therapies in sepsis. Crit Care Med 1992, 20(6): 864-874.

168.

Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, et al. 2001
SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference. Criti Care
Med 2003, 31(4): 1250-1256.

169.

Brun-Buisson C. The epidemiology of the systemic inflammatory response. Intens Care
Med 2000, 26 Suppl 1: S64-74.

170.

Moon JJ, Chu HH, Hataye J, Pagan AJ, Pepper M, McLachlan JB, et al. Tracking
epitope-specific T cells. Nat Protoc 2009, 4(4): 565-581.

171.

Pagan AJ, Pepper M, Chu HH, Green JM, Jenkins MK. CD28 promotes CD4+ T cell
clonal expansion during infection independently of its YMNM and PYAP motifs. J
Immunol 2012, 189(6): 2909-2917.

172.

Nelson RW, McLachlan JB, Kurtz JR, Jenkins MK. CD4+ T cell persistence and function
after infection are maintained by low-level peptide:MHC class II presentation. J Immunol
2013, 190(6): 2828-2834.

173.

Igyarto BZ, Haley K, Ortner D, Bobr A, Gerami-Nejad M, Edelson BT, et al. Skin-resident
murine dendritic cell subsets promote distinct and opposing antigen-specific T helper cell
responses. Immunity 2011, 35(2): 260-272.

174.

Moon JJ, Chu HH, Pepper M, McSorley SJ, Jameson SC, Kedl RM, et al. Naive CD4(+) T
cell frequency varies for different epitopes and predicts repertoire diversity and response
magnitude. Immunity 2007, 27(2): 203-213.

175.

Chu HH, Moon JJ, Kruse AC, Pepper M, Jenkins MK. Negative selection and peptide
chemistry determine the size of naive foreign peptide-MHC class II-specific CD4+ T cell
populations. J Immunol 2010, 185(8): 4705-4713.

176.

Rittirsch D, Huber-Lang MS, Flierl MA, Ward PA. Immunodesign of experimental sepsis
by cecal ligation and puncture. Nat Protoc 2009, 4(1): 31-36.

177.

Duong S, Condotta SA, Rai D, Martin MD, Griffith TS, Badovinac VP. Polymicrobial
sepsis alters antigen-dependent and -independent memory CD8 T cell functions. J
Immunol 2014, 192(8): 3618-3625.

178.

Fink PJ. The biology of recent thymic emigrants. Annu Rev Immunol 2013, 31: 31-50.

148

179.

Cho BK, Rao VP, Ge Q, Eisen HN, Chen J. Homeostasis-stimulated proliferation drives
naive T cells to differentiate directly into memory T cells. J Exp Med 2000, 192(4): 549556.

180.

Ernst B, Lee DS, Chang JM, Sprent J, Surh CD. The peptide ligands mediating positive
selection in the thymus control T cell survival and homeostatic proliferation in the
periphery. Immunity 1999, 11(2): 173-181.

181.

McDermott DS, Varga SM. Quantifying antigen-specific CD4 T cells during a viral
infection: CD4 T cell responses are larger than we think. J Immunol 2011, 187(11): 55685576.

182.

Butler NS, Moebius J, Pewe LL, Traore B, Doumbo OK, Tygrett LT, et al. Therapeutic
blockade of PD-L1 and LAG-3 rapidly clears established blood-stage Plasmodium
infection. Nat Immunol 2012, 13(2): 188-195.

183.

Alpdogan O, Muriglan SJ, Eng JM, Willis LM, Greenberg AS, Kappel BJ, et al. IL-7
enhances peripheral T cell reconstitution after allogeneic hematopoietic stem cell
transplantation. J Clin Invest 2003, 112(7): 1095-1107.

184.

McSorley SJ, Asch S, Costalonga M, Reinhardt RL, Jenkins MK. Tracking salmonellaspecific CD4 T cells in vivo reveals a local mucosal response to a disseminated infection.
Immunity 2002, 16(3): 365-377.

185.

Oxenius A, Bachmann MF, Zinkernagel RM, Hengartner H. Virus-specific MHC-class IIrestricted TCR-transgenic mice: effects on humoral and cellular immune responses after
viral infection. Eur J Immunol 1998, 28(1): 390-400.

186.

Condotta SA, Rai D, James BR, Griffith TS, Badovinac VP. Sustained and Incomplete
Recovery of Naive CD8+ T Cell Precursors after Sepsis Contributes to Impaired CD8+ T
Cell Responses to Infection. The Journal of Immunology 2013, 190(5): 1991-2000.

187.

Jenkins MK, Moon JJ. The role of naive T cell precursor frequency and recruitment in
dictating immune response magnitude. J Immunol 2012, 188(9): 4135-4140.

188.

Lipsett PA. Surgical critical care: fungal infections in surgical patients. Crit Care Med
2006, 34(9 Suppl): S215-224.

189.

Gebhardt T, Whitney PG, Zaid A, Mackay LK, Brooks AG, Heath WR, et al. Different
patterns of peripheral migration by memory CD4+ and CD8+ T cells. Nature 2011,
477(7363): 216-219.

190.

Martin MD, Condotta SA, Harty JT, Badovinac VP. Population dynamics of naive and
memory CD8 T cell responses after antigen stimulations in vivo. J Immunol 2012, 188(3):
1255-1265.

191.

Hernandez-Santos N, Gaffen SL. Th17 cells in immunity to Candida albicans. Cell Host
Microbe 2012, 11(5): 425-435.

149

192.

Hernandez-Santos N, Huppler AR, Peterson AC, Khader SA, McKenna KC, Gaffen SL.
Th17 cells confer long-term adaptive immunity to oral mucosal Candida albicans
infections. Mucosal Immunol 2013, 6(5): 900-910.

193.

Iwashyna TJ, Netzer G, Langa KM, Cigolle C. Spurious inferences about long-term
outcomes: the case of severe sepsis and geriatric conditions. Am J Respir Crit Care Med
2012, 185(22323301): 835-841.

194.

Badovinac VP, Haring JS, Harty JT. Initial T cell receptor transgenic cell precursor
frequency dictates critical aspects of the CD8(+) T cell response to infection. Immunity
2007, 26(6): 827-841.

195.

Mazmanian SK, Liu CH, Tzianabos AO, Kasper DL. An immunomodulatory molecule of
symbiotic bacteria directs maturation of the host immune system. Cell 2005, 122(1): 107118.

196.

Sepsis - An Ongoing and Significant Challenge. InTech, 2012.

197.

Benjamim CF, Lundy SK, Lukacs NW, Hogaboam CM, Kunkel SL. Reversal of long-term
sepsis-induced immunosuppression by dendritic cells. Blood 2005, 105(9): 3588-3595.

198.

Fazal N, Raziuddin S, Khan M, Al-Ghoul WM. Antigen presenting cells (APCs) from
thermally injured and/or septic rats modulate CD4+ T cell responses of naive rat. Biochim
Biophys Acta 2006, 1762(1): 46-53.

199.

Flohe SB, Agrawal H, Schmitz D, Gertz M, Flohe S, Schade FU. Dendritic cells during
polymicrobial sepsis rapidly mature but fail to initiate a protective Th1-type immune
response. J Leukoc Biol 2006, 79(3): 473-481.

200.

Muenzer JT, Davis CG, Dunne BS, Unsinger J, Dunne WM, Hotchkiss RS. Pneumonia
after cecal ligation and puncture: a clinically relevant "two-hit" model of sepsis. Shock
2006, 26(6): 565-570.

201.

Opal SM. New perspectives on immunomodulatory therapy for bacteraemia and sepsis.
Int J Antimicrob Agents 2010, 36 Suppl 2: S70-73.

202.

Hotchkiss RS, Coopersmith CM, Karl IE. Prevention of lymphocyte apoptosis--a potential
treatment of sepsis? Clin Infect Dis 2005, 41 Suppl 7: S465-469.

203.

Venet F, Filipe-Santos O, Lepape A, Malcus C, Poitevin-Later F, Grives A, et al.
Decreased T-cell repertoire diversity in sepsis: a preliminary study. Crit Care Med 2013,
41(1): 111-119.

204.

Ivanov, II, Frutos Rde L, Manel N, Yoshinaga K, Rifkin DB, Sartor RB, et al. Specific
microbiota direct the differentiation of IL-17-producing T-helper cells in the mucosa of the
small intestine. Cell Host Microbe 2008, 4(4): 337-349.

205.

Ivanov, II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U, et al. Induction of
intestinal Th17 cells by segmented filamentous bacteria. Cell 2009, 139(3): 485-498.

150

206.

Wu H-J, Ivanov II, Darce J, Hattori K, Shima T, Umesaki Y, et al. Gut-Residing
Segmented Filamentous Bacteria Drive Autoimmune Arthritis via T Helper 17 Cells.
Immunity 2010, 32(6): 815-827.

207.

Yang Y, Torchinsky MB, Gobert M, Xiong H, Xu M, Linehan JL, et al. Focused specificity
of intestinal TH17 cells towards commensal bacterial antigens. Nature 2014, 510(7503):
152-156.

208.

Honda K, Littman DR. The Microbiome in Infectious Disease and Inflammation. Annual
Review of Immunology 2012, 30(1): 759-795.

209.

BenMohamed L, Bertrand G, McNamara CD, Gras-Masse H, Hammer J, Wechsler SL, et
al. Identification of novel immunodominant CD4+ Th1-type T-cell peptide epitopes from
herpes simplex virus glycoprotein D that confer protective immunity. J Virol 2003, 77(17):
9463-9473.

210.

Crowe SR, Miller SC, Brown DM, Adams PS, Dutton RW, Harmsen AG, et al. Uneven
distribution of MHC class II epitopes within the influenza virus. Vaccine 2006, 24(4): 457467.

211.

Cabrera-Perez J, Condotta SA, James BR, Kashem SW, Brincks EL, Rai D, et al.
Alterations in antigen-specific naive CD4 T cell precursors after sepsis impairs their
responsiveness to pathogen challenge. 2015, 194(4): 1609-1620.

212.

Nelson RW, Beisang D, Tubo NJ, Dileepan T, Wiesner DL, Nielsen K, et al. T cell
receptor cross-reactivity between similar foreign and self peptides influences naive cell
population size and autoimmunity. Immunity 2015, 42(1): 95-107.

213.

Takada K, Jameson SC. Naive T cell homeostasis: from awareness of space to a sense
of place. Nature Reviews Immunology 2009, 9(12): 823-832.

214.

Stromberg PE, Woolsey CA, Clark AT, Clark JA, Turnbull IR, McConnell KW, et al. CD4+
lymphocytes control gut epithelial apoptosis and mediate survival in sepsis. FASEB
journal : official publication of the Federation of American Societies for Experimental
Biology 2009, 23(6): 1817-1825.

215.

ramadan i. Early changes of CD4-positive lymphocytes and NK cells inpatients with
severe Gram-negative sepsis. 2006: 1-7.

216.

Rakhmilevich AL. Evidence for a significant role of CD4+ T cells in adoptive immunity to
Listeria monocytogenes in the liver. Immunology 1994, 82(2): 249-254.

217.

Jenkins MK, Moon JJ. The role of naive T cell precursor frequency and recruitment in
dictating immune response magnitude. J Immunol 2012, 188(9): 4135-4140.

218.

Harty JT, Bevan MJ. Specific immunity to Listeria monocytogenes in the absence of IFN
gamma. Immunity 1995, 3(1): 109-117.

219.

Pepper M, Linehan JL, Pagan AJ, Zell T, Dileepan T, Cleary PP, et al. Different routes of
bacterial infection induce long-lived TH1 memory cells and short-lived TH17 cells. Nat
Immunol 2010, 11(1): 83-89.

151

220.

Kashem SW, Igyarto BZ, Gerami-Nejad M, Kumamoto Y, Mohammed J, Jarrett E, et al.
Candida albicans morphology and dendritic cell subsets determine T helper cell
differentiation. Immunity 2015, 42(2): 356-366.

221.

Farber DL, Yudanin NA, Restifo NP. Human memory T cells: generation,
compartmentalization and homeostasis. Nature Reviews Immunology 2013, 14(1): 24-35.

222.

Spasova DS, Surh CD. Blowing on embers: commensal microbiota and our immune
system. Front Immunol 2014, 5: 318.

223.

Abt MC, Osborne LC, Monticelli LA, Doering TA, Alenghat T, Sonnenberg GF, et al.
Commensal bacteria calibrate the activation threshold of innate antiviral immunity.
Immunity 2012, 37(1): 158-170.

224.

Schuijt TJ, van der Poll T, Wiersinga WJ. Gut Microbiome and Host Defense Interactions
during Critical Illness. Annual Update in Intensive Care and Emergency Medicine 2012.
2012; Sect. 29-40.

225.

Gaieski DF, Edwards JM, Kallan MJ, Carr BG. Benchmarking the incidence and mortality
of severe sepsis in the United States. Critical Care Medicine; 2013. pp. 1167-1174.

226.

Coopersmith CM, Wunsch H, Fink MP, Linde-Zwirble WT, Olsen KM, Sommers MS, et al.
A comparison of critical care research funding and the financial burden of critical illness in
the United States. Critical Care Medicine; 2012. pp. 1072-1079.

227.

Sodhi CP, Neal MD, Siggers R, Sho S, Ma C, Branca MF, et al. Intestinal Epithelial TollLike Receptor 4 Regulates Goblet Cell Development and Is Required for Necrotizing
Enterocolitis in Mice. Gastroenterology 2012, 143(3): 708-U234.

228.

Nieuwenhuijzen GA, Goris RJ. The gut: the &apos;motor&apos; of multiple organ
dysfunction syndrome? Current opinion in clinical nutrition and metabolic care 1999, 2(5):
399-404.

229.

Pollard M, Sharon N. Responses of the Peyer's Patches in Germ-Free Mice to Antigenic
Stimulation. Infect Immun 1970, 2(1): 96-100.

230.

Helgeland L, Dissen E, Dai KZ, Midtvedt T, Brandtzaeg P, Vaage JT. Microbial
colonization induces oligoclonal expansions of intraepithelial CD8 T cells in the gut. Eur J
Immunol 2004, 34(12): 3389-3400.

231.

Cabrera-Perez J, Condotta SA, Badovinac VP, Griffith TS. Impact of sepsis on CD4 T cell
immunity. Journal of leukocyte biology 2014, 96(5): 767-777.

232.

Hall JA, Bouladoux N, Sun CM, Wohlfert EA, Blank RB, Zhu Q, et al. Commensal DNA
limits regulatory T cell conversion and is a natural adjuvant of intestinal immune
responses. Immunity 2008, 29(4): 637-649.

233.

Chung DR, Kasper DL, Panzo RJ, Chitnis T, Grusby MJ, Sayegh MH, et al. CD4+ T cells
mediate abscess formation in intra-abdominal sepsis by an IL-17-dependent mechanism.
J Immunol 2003, 170(4): 1958-1963.

152

234.

Rendon JL, Choudhry MA. Th17 cells: critical mediators of host responses to burn injury
and sepsis. J Leukoc Biol 2012, 92(3): 529-538.

235.

Lee Y, Awasthi A, Yosef N, Quintana FJ, Xiao S, Peters A, et al. Induction and molecular
signature of pathogenic TH17 cells. Nat Immunol 2012, 13(10): 991-999.

236.

Lee S-J, McLachlan JB, Kurtz JR, Fan D, Winter SE, Baumler AJ, et al. Temporal
Expression of Bacterial Proteins Instructs Host CD4 T Cell Expansion and Th17
Development. PLoS Pathogens 2012, 8(1): e1002499-1002414.

237.

Mukherjee S, Lindell DM, Berlin AA, Morris SB, Shanley TP, Hershenson MB, et al. IL17-induced pulmonary pathogenesis during respiratory viral infection and exacerbation of
allergic disease. Am J Pathol 2011, 179(1): 248-258.

238.

Lukacs NW, Smit JJ, Mukherjee S, Morris SB, Nunez G, Lindell DM. Respiratory virusinduced TLR7 activation controls IL-17-associated increased mucus via IL-23 regulation.
J Immunol 2010, 185(4): 2231-2239.

239.

de Almeida Nagata DE, Demoor T, Ptaschinski C, Ting HA, Jang S, Reed M, et al. IL27R-mediated regulation of IL-17 controls the development of respiratory syncytial virusassociated pathogenesis. Am J Pathol 2014, 184(6): 1807-1818.

240.

Bosmann M, Sarma JV, Atefi G, Zetoune FS, Ward PA. Evidence for anti-inflammatory
effects of C5a on the innate IL-17A/IL-23 axis. Faseb J 2012, 26(4): 1640-1651.

241.

Bosmann M, Grailer JJ, Ruemmler R, Russkamp NF, Zetoune FS, Sarma JV, et al.
Extracellular histones are essential effectors of C5aR- and C5L2-mediated tissue
damage and inflammation in acute lung injury. Faseb J 2013, 27(12): 5010-5021.

242.

Grailer JJ, Fattahi F, Dick RS, Zetoune FS, Ward PA. Cutting Edge: Critical Role for
C5aRs in the Development of Septic Lymphopenia in Mice. The Journal of Immunology
2015, 194(3): 868-872.

243.

Fattahi F, Grailer JJ, Jajou L, Zetoune FS, Andjelkovic AV, Ward PA. Organ distribution
of histones after intravenous infusion of FITC histones or after sepsis. Immunol Res
2015, 61(3): 177-186.

244.

Su LF, Kidd BA, Han A, Kotzin JJ, Davis MM. Virus-Specific CD4+ Memory-Phenotype T
Cells Are Abundant in Unexposed Adults. Immunity 2013, 38(2): 373-383.

245.

Lee LY, Ha do LA, Simmons C, de Jong MD, Chau NV, Schumacher R, et al. Memory T
cells established by seasonal human influenza A infection cross-react with avian
influenza A (H5N1) in healthy individuals. J Clin Invest 2008, 118(10): 3478-3490.

246.

Yang J, James E, Roti M, Huston L, Gebe JA, Kwok WW. Searching immunodominant
epitopes prior to epidemic: HLA class II-restricted SARS-CoV spike protein epitopes in
unexposed individuals. Int Immunol 2009, 21(1): 63-71.

153

247.

Roti M, Yang J, Berger D, Huston L, James EA, Kwok WW. Healthy human subjects
have CD4+ T cells directed against H5N1 influenza virus. J Immunol 2008, 180(3): 17581768.

248.

Fox AC, McConnell KW, Yoseph BP, Breed E, Liang Z, Clark AT, et al. The endogenous
bacteria alter gut epithelial apoptosis and decrease mortality following Pseudomonas
aeruginosa pneumonia. Shock; 2012. pp. 508-514.

249.

Hiramatsu M, Hotchkiss RS, Karl IE, Buchman TG. Cecal ligation and puncture (CLP)
induces apoptosis in thymus, spleen, lung, and gut by an endotoxin and TNFindependent pathway. Shock; 1997. pp. 247-253.

250.

Turnbull IR, Buchman TG, Javadi P, Woolsey CA, Hotchkiss RS, Karl IE, et al. Age
disproportionately increases sepsis-induced apoptosis in the spleen and gut epithelium.
Shock; 2004. pp. 364-368.

251.

Coopersmith CM, Stromberg PE, Dunne WM, Davis CG, Amiot DM, Buchman TG, et al.
Inhibition of intestinal epithelial apoptosis and survival in a murine model of pneumoniainduced sepsis. JAMA; 2002. pp. 1716-1721.

252.

Seeley EJ, Matthay MA, Wolters PJ. Inflection points in sepsis biology: from local
defense to systemic organ injury. AJP: Lung Cellular and Molecular Physiology; 2012.
pp. L355-L363.

253.

Freestone PP, Williams PH, Haigh RD, Maggs AF, Neal CP, Lyte M. Growth stimulation
of intestinal commensal Escherichia coli by catecholamines: a possible contributory factor
in trauma-induced sepsis. Shock 2002, 18(5): 465-470.

254.

Fox AC, McConnell KW, Yoseph BP, Breed E, Liang Z, Clark AT, et al. The endogenous
bacteria alter gut epithelial apoptosis and decrease mortality following Pseudomonas
aeruginosa pneumonia. Shock 2012, 38(5): 508-514.

255.

Sedman PC, Macfie J, Sagar P, Mitchell CJ, May J, Mancey-Jones B, et al. The
prevalence of gut translocation in humans. Gastroenterology 1994, 107(3): 643-649.

256.

MacFie J. Current status of bacterial translocation as a cause of surgical sepsis. Br Med
Bull 2004, 71: 1-11.

257.

Thorpe DW, Stringer AM, Gibson RJ. Chemotherapy-induced mucositis: the role of the
gastrointestinal microbiome and toll-like receptors. Experimental Biology and Medicine
2013, 238(1): 1-6.

258.

Li Q, Wang C, Tang C, He Q, Zhao X, Li N, et al. Therapeutic Modulation and
Reestablishment of the Intestinal Microbiota With Fecal Microbiota Transplantation
Resolves Sepsis and Diarrhea in a Patient. The American Journal of Gastroenterology
2014, 109(11): 1832-1834.

259.

Li Q. Successful treatment of severe sepsis and diarrhea after vagotomy utilizing fecal
microbiota transplantation: a case report. 2015: 1-12.

154

260.

Hotchkiss RS, Tinsley KW, Swanson PE, Schmieg RE, Hui JJ, Chang KC, et al. Sepsisinduced apoptosis causes progressive profound depletion of B and CD4+ T lymphocytes
in humans. The Journal of Immunology: American Association of Immunologists; 2001.
pp. 6952-6963.

261.

Cabrera-Perez J, Condotta SA, Badovinac VP, Griffith TS. Impact of sepsis on CD4 T cell
immunity. J. Leukoc. Biol.; 2014. pp. 767-777.

262.

Collins AS. Gastrointestinal complications in shock. Crit Care Nurs Clin North Am 1990,
2(2): 269-277.

263.

Mittal R, Coopersmith CM. Redefining the gut as the motor of critical illness. Trends in
Molecular Medicine: Elsevier Ltd; 2014. pp. 214-223.

264.

Yurist-Doutsch S, Arrieta M-C, Vogt SL, Finlay BB. Gastrointestinal microbiota-mediated
control of enteric pathogens. Annu. Rev. Genet.: Annual Reviews; 2014. pp. 361-382.

265.

Condotta SA, Cabrera-Perez J, Badovinac VP, Griffith TS. T-Cell-Mediated Immunity and
the Role of TRAIL in Sepsis-Induced Immunosuppression. 2013. pp. 23-40.

266.

Levy O. Innate immunity of the newborn: basic mechanisms and clinical correlates.
Nature Reviews Immunology: Nature Publishing Group; 2007. pp. 379-390.

267.

OHara AM, Shanahan F. The gut flora as a forgotten organ. EMBO Rep 2006, 7(7): 688693.

268.

Berg RD. The indigenous gastrointestinal microflora. Trends Microbiol.; 1996. pp. 430435.

269.

Bäckhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI. Host-bacterial mutualism
in the human intestine. Science: American Association for the Advancement of Science;
2005. pp. 1915-1920.

270.

Ehrlich SD, Bork P, Wang J, Consortium M. An integrated catalog of reference genes in
the human gut microbiome. Nature; 2014.

271.

De Filippo C, Lionetti P. Impact of diet on gut microbiota in the globalized world.
Functional Food Reviews; 2013.

272.

Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI, Knight R. Bacterial community
variation in human body habitats across space and time. Science: American Association
for the Advancement of Science; 2009. pp. 1694-1697.

273.

Khosravi A, Mazmanian SK. Disruption of the gut microbiome as a risk factor for
microbial infections. Current Opinion in Microbiology; 2013. pp. 221-227.

274.

Noval Rivas M, Burton OT, Wise P, Zhang Y-q, Hobson SA, Garcia Lloret M, et al. A
microbiota signature associated with experimental food allergy promotes allergic
sensitization and anaphylaxis. Journal of Allergy and Clinical Immunology; 2013. pp.
201-212.

155

275.

Hsiao EY, McBride SW, Hsien S, Sharon G, Hyde ER, McCue T, et al. Microbiota
modulate behavioral and physiological abnormalities associated with
neurodevelopmental disorders. Cell: Elsevier; 2013. pp. 1451-1463.

276.

Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune responses
during health and disease. Nature Reviews Immunology: Nature Publishing Group;
2009. pp. 313-323.

277.

Khosravi A, Yáñez A, Price JG, Chow A, Merad M, Goodridge HS, et al. Gut microbiota
promote hematopoiesis to control bacterial infection. Cell Host and Microbe: Elsevier;
2014. pp. 374-381.

278.

Bantock GG. The Modern Doctrine of Bacteriology, or the Germ Theory of Disease.
British Medical Journal: BMJ Group; 1899. pp. 846-848.

279.

Morowitz MJ, Babrowski T, Carlisle EM, Olivas A, Romanowski KS, Seal JB, et al. The
human microbiome and surgical disease. Ann. Surg.; 2011. pp. 1094-1101.

280.

Wangensteen OH, Wangensteen SD, Klinger CF. Surgical cleanliness, hospital salubrity,
and surgical statistics, historically considered. Surgery; 1972. pp. 477-493.

281.

Burns H. Germ theory: invisible killers revealed. BMJ: BMJ Publishing Group Ltd; 2007.
pp. s11-s11.

282.

Alexander JW. The contributions of infection control to a century of surgical progress.
Ann. Surg.; 1985. pp. 423-428.

283.

Kendall AI. Some observations on the study of the intestinal bacteria. Journal of
Biological Chemistry: American Society for Biochemistry and Molecular Biology; 1909.
pp. 499-507.

284.

Metchnikoff E. The utility of lactic microbes with explanation of the author&apos;s views
on longevity. Century Magazine; 1909.

285.

Metchnikoff E. Sur la lutte des cellules de l&apos;organisme contre l&apos;invasion des
microbes. Ann. Inst. Pasteur; 1887.

286.

Defazio J, Fleming ID, Shakhsheer B, Zaborina O, Alverdy JC. The Opposing Forces of
the Intestinal Microbiome and the Emerging Pathobiome. Surgical Clinics of North
America; 2014. pp. 1151-1161.

287.

Tap J, Mondot S, Levenez F, Pelletier E, Caron C, Furet J-P, et al. Towards the human
intestinal microbiota phylogenetic core. Environ. Microbiol.: Blackwell Publishing Ltd;
2009. pp. 2574-2584.

288.

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al. Diversity
of the human intestinal microbial flora. Science: American Association for the
Advancement of Science; 2005. pp. 1635-1638.

289.

Honda K, Littman DR. The Microbiome in Infectious Disease and Inflammation. Annu.
Rev. Immunol.; 2012. pp. 759-795.

156

290.

Morgan XC, Segata N, Huttenhower C. Biodiversity and functional genomics in the
human microbiome. Trends Genet.; 2013. pp. 51-58.

291.

Chierici R, Fanaro S, Saccomandi D, Vigi V. Advances in the modulation of the microbial
ecology of the gut in early infancy. Acta Paediatrica: Blackwell Publishing Ltd; 2003. pp.
56-63.

292.

Fanaro S, Chierici R, Guerrini P, Vigi V. Intestinal microflora in early infancy: composition
and development. Acta Paediatrica: Blackwell Publishing Ltd; 2003. pp. 48-55.

293.

Park H-K, Shim S-S, Kim S-Y, Park J-H, Park S-E, Kim H-J, et al. Molecular analysis of
colonized bacteria in a human newborn infant gut. J. Microbiol.; 2005. pp. 345-353.

294.

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesityassociated gut microbiome with increased capacity for energy harvest. Nature: Nature
Publishing Group; 2006. pp. 1027-1031.

295.

Turnbaugh PJ, Bäckhed F, Fulton L, Gordon JI. Diet-induced obesity is linked to marked
but reversible alterations in the mouse distal gut microbiome. Cell Host and Microbe;
2008. pp. 213-223.

296.

Wu GD, Chen J, Hoffmann C, Bittinger K, Chen Y-Y, Keilbaugh SA, et al. Linking longterm dietary patterns with gut microbial enterotypes. Science: American Association for
the Advancement of Science; 2011. pp. 105-108.

297.

Trompette A, Gollwitzer ES, Yadava K, Sichelstiel AK, Sprenger N, Ngom-Bru C, et al.
Gut microbiota metabolism of dietary fiber influences allergic airway disease and
hematopoiesis. Nat. Med.; 2014. pp. 159-166.

298.

Maslowski KM, Mackay CR. Diet, gut microbiota and immune responses. Nat Immunol:
Nature Publishing Group; 2011. pp. 5-9.

299.

Mowat AM. Anatomical basis of tolerance and immunity to intestinal antigens. Nature
Reviews Immunology: Nature Publishing Group; 2003. pp. 331-341.

300.

Saenz SA, Siracusa MC, Monticelli LA, Ziegler CGK, Kim BS, Brestoff JR, et al. IL-25
simultaneously elicits distinct populations of innate lymphoid cells and multipotent
progenitor type 2 (MPPtype2) cells. J. Exp. Med.: Rockefeller Univ Press; 2013. pp.
1823-1837.

301.

Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate lymphoid
cells |[mdash]| a proposal for uniform nomenclature. Nature Reviews Immunology:
Nature Publishing Group; 2013. pp. 145-149.

302.

Reynders A, Yessaad N, Manh T-PV, Dalod M, Fenis A, Aubry C, et al. Identity,
regulation and in vivo function of gut NKp46(+)ROR gamma t(+) and NKp46(+)ROR
gamma t(-) lymphoid cells. EMBO J.; 2011. pp. 2934-2947.

303.

Chen VL, Kasper DL. Interactions between the intestinal microbiota and innate lymphoid
cells. Gut Microbes; 2014. pp. 129-140.

157

304.

Scott CL, Aumeunier AM, Mowat AM. Intestinal CD103+ dendritic cells: master regulators
of tolerance? Trends in Immunology; 2011. pp. 412-419.

305.

Niess JH. What are CX3CR1+ mononuclear cells in the intestinal mucosa? Gut
Microbes: Taylor & Francis; 2010. pp. 396-400.

306.

Soler D, Marquez G, Briskin M, Agace WW. Gut-associated lymphoid tissue–primed
CD4+ T cells display CCR9-dependent and-independent homing to the small intestine.
Blood; 2006.

307.

Agace WW. Tissue-tropic effector T cells: generation and targeting opportunities. Nature
Reviews Immunology: Nature Publishing Group; 2006. pp. 682-692.

308.

Geem D, Medina-Contreras O, McBride M, Newberry RD, Koni PA, Denning TL. Specific
microbiota-induced intestinal Th17 differentiation requires MHC class II but not GALT and
mesenteric lymph nodes. J Immunol 2014, 193(1): 431-438.

309.

Denning TL, Norris BA, Medina-Contreras O, Manicassamy S, Geem D, Madan R, et al.
Functional specializations of intestinal dendritic cell and macrophage subsets that control
Th17 and regulatory T cell responses are dependent on the T cell/APC ratio, source of
mouse strain, and regional localization. J Immunol 2011, 187(2): 733-747.

310.

Medina-Contreras O, Geem D, Laur O, Williams IR, Lira SA, Nusrat A, et al. CX3CR1
regulates intestinal macrophage homeostasis, bacterial translocation, and colitogenic
Th17 responses in mice. J Clin Invest 2011, 121(12): 4787-4795.

311.

Cerutti A, Rescigno M. The Biology of Intestinal Immunoglobulin A Responses.
Immunity; 2008. pp. 740-750.

312.

Macpherson AJ, Gatto D, Sainsbury E, Harriman GR, Hengartner H, Zinkernagel RM. A
primitive T cell-independent mechanism of intestinal mucosal IgA responses to
commensal bacteria. Science: American Association for the Advancement of Science;
2000. pp. 2222-2226.

313.

Hapfelmeier S, Lawson MAE, Slack E, Kirundi JK, Stoel M, Heikenwalder M, et al.
Reversible microbial colonization of germ-free mice reveals the dynamics of IgA immune
responses. Science: American Association for the Advancement of Science; 2010. pp.
1705-1709.

314.

Hooper LV, Macpherson AJ. Immune adaptations that maintain homeostasis with the
intestinal microbiota. Nature Reviews Immunology: Nature Publishing Group; 2010. pp.
159-169.

315.

Olszak T, An D, Zeissig S, Vera MP, Richter J, Franke A, et al. Microbial exposure during
early life has persistent effects on natural killer T cell function. Science: American
Association for the Advancement of Science; 2012. pp. 489-493.

316.

Rossjohn J, Pellicci DG, Patel O, Gapin L, Godfrey DI. Recognition of CD1d-restricted
antigens by natural killer T cells. Nature Reviews Immunology: Nature Publishing Group;
2012. pp. 845-857.

158

317.

Chen VL, Surana NK, Duan J, Kasper DL. Role of Murine Intestinal Interleukin-1
Receptor 1-Expressing Lymphoid Tissue Inducer-Like Cells in Salmonella Infection.
PLoS ONE; 2013. p. e65405.

318.

Kamada N, Núñez G. Regulation of the Immune System by the Resident Intestinal
Bacteria. Gastroenterology: Elsevier, Inc; 2014. pp. 1477-1488.

319.

Mazmanian SK, Lee YK. Interplay between Intestinal Microbiota and Host Immune
System. J Bacteriol Virol; 2014. pp. 1-9.

320.

Štěpánková R, Powrie F, Kofronova O, Kozáková H, Hudcovic T, Hrncir T, et al.
Segmented filamentous bacteria in a defined bacterial cocktail induce intestinal
inflammation in SCID mice reconstituted with CD45RBhigh CD4+ T cells. Inflammatory
Bowel Diseases: Wiley Subscription Services, Inc., A Wiley Company; 2007. pp. 12021211.

321.

Wu H-J, Ivanov II, Darce J, Hattori K, Shima T, Umesaki Y, et al. Gut-Residing
Segmented Filamentous Bacteria Drive Autoimmune Arthritis via T Helper 17 Cells.
Immunity; 2010. pp. 815-827.

322.

Scher JU, Sczesnak A, Longman RS, Segata N. Expansion of intestinal Prevotella copri
correlates with enhanced susceptibility to arthritis. Elife; 2013.

323.

Brusca SB, Abramson SB, Scher JU. Microbiome and mucosal inflammation as extraarticular triggers for rheumatoid arthritis and autoimmunity. Curr Opin Rheumatol: NIH
Public Access; 2014. pp. 101-107.

324.

Mazmanian SK, Round JL, Kasper DL. A microbial symbiosis factor prevents intestinal
inflammatory disease. Nature: Nature Publishing Group; 2008. pp. 620-625.

325.

Wang Q, McLoughlin RM, Cobb BA, Charrel-Dennis M, Zaleski KJ, Golenbock D, et al. A
bacterial carbohydrate links innate and adaptive responses through Toll-like receptor 2.
Journal of Experimental Medicine: Rockefeller Univ Press; 2006. pp. 2853-2863.

326.

Dasgupta S, Erturk-Hasdemir D, Ochoa-Reparaz J, Reinecker H-C, Kasper DL.
Plasmacytoid dendritic cells mediate anti-inflammatory responses to a gut commensal
molecule via both innate and adaptive mechanisms. Cell Host and Microbe; 2014. pp.
413-423.

327.

Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara T, Momose Y, et al. Induction of
colonic regulatory T cells by indigenous Clostridium species. Science: American
Association for the Advancement of Science; 2011. pp. 337-341.

328.

Atarashi K, Tanoue T, Oshima K, Suda W, Nagano Y, Nishikawa H, et al. Treg induction
by a rationally selected mixture of Clostridia strains from the human microbiota. Nature:
Nature Publishing Group; 2013. pp. 232-236.

329.

Faith JJ, Ahern PP, Ridaura VK, Cheng J, Gordon JI. Identifying gut microbe-host
phenotype relationships using combinatorial communities in gnotobiotic mice. Science

159

Translational Medicine: American Association for the Advancement of Science; 2014. pp.
220ra211-220ra211.
330.

Sears CL, Islam S, Saha A, Arjumand M, Alam NH, Faruque ASG, et al. Association of
enterotoxigenic Bacteroides fragilis infection with inflammatory diarrhea. Clin Infect Dis.:
Oxford University Press; 2008. pp. 797-803.

331.

Rhee K-J, Wu S, Wu X, Huso DL, Karim B, Franco AA, et al. Induction of persistent colitis
by a human commensal, enterotoxigenic Bacteroides fragilis, in wild-type C57BL/6 mice.
Infection and Immunity: American Society for Microbiology; 2009. pp. 1708-1718.

332.

Zelante T, Iannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, et al. Tryptophan
Catabolites from Microbiota Engage Aryl Hydrocarbon Receptor and Balance Mucosal
Reactivity via Interleukin-22. Immunity; 2013. pp. 372-385.

333.

Mucida D, Park Y, Kim G, Turovskaya O, Scott I, Kronenberg M, et al. Reciprocal TH17
and regulatory T cell differentiation mediated by retinoic acid. Science 2007, 317(5835):
256-260.

334.

Xiao S, Jin H, Korn T, Liu SM, Oukka M, Lim B, et al. Retinoic acid increases Foxp3+
regulatory T cells and inhibits development of Th17 cells by enhancing TGF-beta-driven
Smad3 signaling and inhibiting IL-6 and IL-23 receptor expression. 2008, 181(4): 22772284.

335.

Wong JMW, de Souza R, Kendall CWC, Emam A, Jenkins DJA. Colonic Health:
Fermentation and Short Chain Fatty Acids. Journal of Clinical Gastroenterology; 2006. p.
235.

336.

Mortensen PB, Clausen MR. Short-Chain Fatty Acids in the Human Colon: Relation to
Gastrointestinal Health and Disease. Scand J Gastroenterol: Informa UK Ltd UK; 2009.
pp. 132-148.

337.

Nilsson NE, Kotarsky K, Owman C, Olde B. Identification of a free fatty acid receptor,
FFA2R, expressed on leukocytes and activated by short-chain fatty acids. Biochemical
and Biophysical Research Communications; 2003. pp. 1047-1052.

338.

Waldecker M, Kautenburger T, Daumann H, Busch C, Schrenk D. Inhibition of histonedeacetylase activity by short-chain fatty acids and some polyphenol metabolites formed
in the colon. The Journal of Nutritional Biochemistry; 2008. pp. 587-593.

339.

Waldecker M, Kautenburger T, Daumann H, Veeriah S, Will F, Dietrich H, et al. Histonedeacetylase inhibition and butyrate formation: Fecal slurry incubations with apple pectin
and apple juice extracts. Nutrition; 2008. pp. 366-374.

340.

Ward PA, Bosmann M. A Historical Perspective on Sepsis. The American Journal of
Pathology; 2012. pp. 2-7.

341.

Iskander KN, Osuchowski MF, Stearns-Kurosawa DJ, Kurosawa S, Stepien D, Valentine
C, et al. Sepsis: Multiple Abnormalities, Heterogeneous Responses, and Evolving
Understanding. Physiological Reviews; 2013. pp. 1247-1288.

160

342.

Shimizu K, Ogura H, Hamasaki T, Goto M, Tasaki O, Asahara T, et al. Altered Gut Flora
Are Associated with Septic Complications and Death in Critically Ill Patients with
Systemic Inflammatory Response Syndrome. Dig Dis Sci: Springer US; 2011. pp. 11711177.

343.

DeFazio JR, Zaborin A, Kaiser B, Kim S, Fleming I, Camp D, et al. Intestinal Application
of Pi-PEG Maintains the Health-promoting Microbiota, Suppresses the Effect of Gut
Pathobiota on Immune Signaling, and Prevents Mortality in Mice. Journal of Surgical
Research: Elsevier; 2014. p. 591.

344.

Feng Y, Ralls MW, Xiao W, Miyasaka E, Herman RS, Teitelbaum DH. Loss of enteral
nutrition in a mouse model results in intestinal epithelial barrier dysfunction. Annals of
the New York Academy of Sciences: Blackwell Publishing Inc; 2012. pp. 71-77.

345.

Osuka A, Shimizu K, Ogura H, Tasaki O, Hamasaki T. Prognostic impact of fecal pH in
critically ill patients. Crit Care; 2012.

346.

Romanowski K, Zaborin A, Fernandez H, Poroyko V, Valuckaite V, Gerdes S, et al.
Prevention of siderophore- mediated gut-derived sepsis due to P. aeruginosa can be
achieved without iron provision by maintaining local phosphate abundance: role of pH.
BMC Microbiology 2011, 11(1): 212.

347.

DeFazio JR, Zaborin A, Kaiser B, Kim S, Fleming I, Camp D, et al. Intestinal Application
of Pi-PEG Maintains the Health-promoting Microbiota, Suppresses the Effect of Gut
Pathobiota on Immune Signaling, and Prevents Mortality in Mice. Journal of Surgical
Research 2014, 186(2): 591.

348.

Pérez-Cobas AE, Gosalbes MJ, Friedrichs A, Knecht H, Artacho A, Eismann K, et al. Gut
microbiota disturbance during antibiotic therapy: a multi-omic approach. Gut: BMJ
Publishing Group Ltd and British Society of Gastroenterology; 2013. pp. 1591-1601.

349.

Cabrera-Perez J, Condotta SA, James BR, Kashem SW, Brincks EL, Rai D, et al.
Alterations in antigen-specific naive CD4 T cell precursors after sepsis impairs their
responsiveness to pathogen challenge.: American Association of Immunologists; 2015.
pp. 1609-1620.

350.

Thome JJC, Yudanin N, Ohmura Y, Kubota M, Grinshpun B, Sathaliyawala T, et al.
Spatial Map of Human T Cell Compartmentalization and Maintenance over Decades of
Life. Cell 2014, 159(4): 814-828.

351.

Hotchkiss RS, Nicholson DW. Apoptosis and caspases regulate death and inflammation
in sepsis. Nature Reviews Immunology; 2006. pp. 813-822.

352.

Boomer JS, To K, Chang KC, Takasu O, Osborne DF, Walton AH, et al.
Immunosuppression in patients who die of sepsis and multiple organ failure. JAMA:
American Medical Association; 2011. pp. 2594-2605.

353.

Hotchkiss RS, Osmon SB, Chang KC, Wagner TH, Coopersmith CM, Karl IE.
Accelerated lymphocyte death in sepsis occurs by both the death receptor and
mitochondrial pathways. The Journal of Immunology; 2005. pp. 5110-5118.

161

354.

Hotchkiss RS, Swanson PE, Cobb JP, Jacobson A, Buchman TG, Karl IE. Apoptosis in
lymphoid and parenchymal cells during sepsis: Findings in normal and T- and B-celldeficient mice. Critical Care Medicine; 1997. p. 1298.

355.

Ayala A, Herdon CD, Lehman DL, Ayala CA. Differential induction of apoptosis in
lymphoid tissues during sepsis: variation in onset, frequency, and the nature of the
mediators. Blood; 1996.

356.

Ayala A, Xu YX, Ayala CA, Sonefeld DE, Karr SM. Increased mucosal B-lymphocyte
apoptosis during polymicrobial sepsis is a Fas ligand but not an endotoxin-mediated
process. Blood; 1998.

357.

Wesche-Soldato DE, Lomas-Neira JL, Perl M, Jones L, Chung C-S, Ayala A. The role
and regulation of apoptosis in sepsis. J. Endotoxin Res.; 2005. pp. 375-382.

358.

Stromberg PE, Woolsey CA, Clark AT, Clark JA, Turnbull IR, McConnell KW, et al. CD4+
lymphocytes control gut epithelial apoptosis and mediate survival in sepsis. FASEB J.:
Federation of American Societies for Experimental Biology; 2009. pp. 1817-1825.

359.

Power C, Fanning N, Redmond HP. Cellular Apoptosis and Organ Injury in Sepsis: A
Review. Shock; 2002. p. 197.

360.

Martignoni A, Tschöp J, Goetzman HS, Choi LG, Reid MD, Johannigman JA, et al. CD4EXPRESSING CELLS ARE EARLY MEDIATORS OF THE INNATE IMMUNE SYSTEM
DURING SEPSIS. Shock; 2007. pp. 1-17.

361.

Rimoldi M, Chieppa M, Larghi P, Vulcano M, Allavena P, Rescigno M. Monocyte-derived
dendritic cells activated by bacteria or by bacteria-stimulated epithelial cells are
functionally different. Blood; 2005. pp. 2818-2826.

362.

Grailer JJ, Fattahi F, Dick RS, Zetoune FS, Ward PA. Cutting Edge: Critical Role for
C5aRs in the Development of Septic Lymphopenia in Mice. The Journal of Immunology;
2015. pp. 868-872.

363.

Shalova IN, Lim JY, Chittezhath M, Zinkernagel AS, Beasley F, Hernández-Jiménez E, et
al. Human Monocytes Undergo Functional Re-programming during Sepsis Mediated by
Hypoxia-Inducible Factor-1α. Immunity; 2015. pp. 484-498.

364.

Qu F-YLJ-LLZ-JLJ-YYH-P, Liu J-L, Liu Z-J, Yin J-Y, Qu H-P. Increased proportion of
CD4+CD25+Foxp3+ regulatory T cells during the early-stage sepsis in ICU patients.
Journal of Microbiology, Immunology and Infection: Elsevier Taiwan LLC; 2012. pp. 1-7.

365.

Li Q, Wang C, Tang C, He Q, Zhao X, Li N, et al. Therapeutic Modulation and
Reestablishment of the Intestinal Microbiota With Fecal Microbiota Transplantation
Resolves Sepsis and Diarrhea in a Patient. The American Journal of Gastroenterology:
Nature Publishing Group; 2014. pp. 1832-1834.

366.

Kessel A, Bamberger E, Masalha M, Toubi E. The role of T regulatory cells in human
sepsis. Journal of Autoimmunity: Elsevier Ltd; 2009. pp. 211-215.

162

367.

Wisnoski N, Chung C-S, Chen Y, Huang X, Ayala A. THE CONTRIBUTION OF CD4+
CD25+ T-REGULATORY-CELLS TO IMMUNE SUPPRESSION IN SEPSIS. Shock;
2007. pp. 251-257.

368.

Wu H-P, Chung K, Lin C-Y, Jiang B-Y, Chuang D-Y, Liu Y-C. Associations of T helper 1,
2, 17 and regulatory T lymphocytes with mortality in severe sepsis. Inflamm. Res.; 2013.
pp. 751-763.

369.

Lee YK, Mazmanian SK. Has the microbiota played a critical role in the evolution of the
adaptive immune system? Science: American Association for the Advancement of
Science; 2010. pp. 1768-1773.

370.

Zinkernagel RM. Immunology Taught by Viruses. Science: American Association for the
Advancement of Science; 1996. pp. 173-178.

371.

C A Janeway J. Approaching the Asymptote? Evolution and Revolution in Immunology.
Cold Spring Harbor Symposia on Quantitative Biology: Cold Spring Harbor Laboratory
Press; 1989. pp. 1-13.

372.

Lee WL, Slutsky AS. Sepsis and endothelial permeability. N. Engl. J. Med.; 2010. pp.
689-691.

163

