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Abstract

Sepsis is defined as life-threatening organ dysfunction caused by dysregulated host responses to 

infection (Third International Consensus definition for Sepsis and septic shock). Despite decades 

of research, sepsis remains the leading cause of death in intensive care units. More than 40 clinical 

trials, most of which have targeted the sepsis-associated pro-inflammatory response, have failed. 

Thus, antibiotics and fluid resuscitation remain the mainstays of supportive care and there is 

intense need to discover and develop novel, targeted therapies to treat sepsis. Both pre-clinical and 

clinical studies over the past decade demonstrate unequivocally that sepsis not only causes hyper-

inflammation, but also leads to simultaneous adaptive immune system dysfunction and impaired 

antimicrobial immunity. Evidences for immunosuppression include immune cell depletion (T cells 

most affected), compromised T cell effector functions, T cell exhaustion, impaired antigen 

presentation, increased susceptibility to opportunistic nosocomial infections, dysregulated 

cytokine secretion, and reactivation of latent viruses. Therefore, targeting immunosuppression 

provides a logical approach to treat protracted sepsis. Numerous pre-clinical studies using 

immunomodulatory agents such as interleukin-7, anti-programmed cell death 1 antibody (anti-

PD-1), anti-programmed cell death 1 ligand antibody (anti-PD-L1), and others have demonstrated 

reversal of T cell dysfunction and improved survival. Therefore, identifying immunosuppressed 

patients with the help of specific biomarkers and administering specific immunomodulators holds 

significant potential for sepsis therapy in the future. This review focusses on T cell dysfunction 

during sepsis and discusses the potential immunotherapeutic agents to boost T cell function during 

sepsis and improve host resistance to infection.
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Introduction

Sepsis is associated with a high morbidity and mortality, and is the most common cause of 

death among critically ill patients in non-coronary intensive care units [1]. According to the 

earlier consensus criteria guidelines of 1992 and 2001, sepsis was defined as a systemic 

response to documented or suspected infection manifested by two or more of the systemic 

inflammatory response syndrome (SIRS) criteria as a result of infection: temperature >38 or 

<36; heart rate >90 beats per minute; respiratory rate >20 breaths per minute; and white 

blood cell count >12,000/cu mm or <4,000/cu mm, or >10% immature (band) forms [2]. 

Accordingly, severe sepsis was defined as sepsis associated with organ dysfunction, 

hypoperfusion, or hypotension and septic shock as sepsis induced hypotension which is not 

corrected by adequate resuscitation and pressor support along with presence of perfusion 

abnormalities [2]. Sepsis and severe sepsis account for an estimated 20.7 million and 10.7 

million cases per year worldwide, respectively, and may contribute to up to 5.3 million 

deaths worldwide per annum [3]. The recently formulated guidelines by the third 

international consensus definition for sepsis and septic shock (Sepsis-3) define sepsis as life-

threatening organ dysfunction caused by dysregulated host responses to infection [4]. 

Currently, there is no definitive therapy to treat sepsis and physicians must rely on 

supportive care alone in the form of antibiotics and fluid resuscitation. Care for septic 

patients costs approximately $17 billion in the United States alone [5] and undoubtedly 

much more worldwide. Moreover, the incidence of sepsis is increasing at an alarming rate in 

the ageing population, who have inadequate immune responses as a consequence of 

immunosenescence [6].

Numerous clinical trials have failed to yield any novel therapeutics for sepsis. A hyper-

inflammatory response characterized by excessive release of pro-inflammatory mediators 

such as TNF-α and interleukin-1, was thought to be the hallmark of sepsis and the most 
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viable therapeutic target based on numerous pre-clinical and clinical studies [7]. On the 

contrary, clinical trials that have targeted pro-inflammatory mediators using agents such as 

anti-endotoxin (LPS, Lipopolysaccharide) antibodies, proinflammatory cytokine (TNFα, 

IL-1β) blocking antibodies and inhibitors, and TLR (Toll like receptor) antagonists have 

been disappointing [8–10]. Thus, the foundation of current sepsis treatment is supportive and 

consists of timely antibiotic administration, fluid resuscitation and organ system support. 

That strategy has attenuated early deaths among septic patients and improved overall 

survival [11, 12]. Yet, despite these improvements, severe sepsis and septic shock still result 

in mortality rates of more than 30 % [13].

Extensive research and better understanding of the immunological alterations during sepsis 

during the past decade, has revealed a role for immunosuppression in the pathogenesis of 

sepsis [11, 14, 15]. Historically, sepsis was considered to be composed of an initial hyper-

inflammatory phase (SIRS) followed by an anti-inflammatory or immunosuppressive phase 

(counter anti-inflammatory response syndrome, CARS) [7, 16]. This biphasic paradigm has 

been challenged by numerous recent reports, and it has now become evident that pro-

inflammatory and anti-inflammatory phases can occur during variable time points during 

sepsis [17, 18]. Currently, immunosuppression during sepsis is a topic of intense research 

among numerous laboratories worldwide. Indeed, various studies show that patients 

surviving the initial inflammatory phase of sepsis are highly susceptible to nosocomial 

infections with opportunistic organisms and suffer late deaths among initial sepsis survivors 

[19, 20]. Although modern medicine strategies have resulted in improving the short term 

patient outcome in septic patients, it has equally resulted in a more protracted disease state 

with a shift towards immunosuppressive phenotype causing increased incidence of delayed 

deaths. In fact, greater than 70 % of deaths occur after the 3 days of sepsis initiation, many 

of which occur weeks after sepsis onset [20]. More recent studies indicate that patients 

discharged from the hospital after sepsis have a high one year mortality rate, often due to the 

development of secondary infections [3, 15]. With respect to the increasing findings of a 

shift in the time frame of mortality after sepsis, which can occur even years after initial 

septic insult, a trimodal distribution of deaths after sepsis has been recently postulated [15]. 

The three postulated phases include: early deaths due to inflammatory response, late deaths 

due to persistent organ injury and immunosuppression and delayed long term deaths (beyond 

60–90 days post sepsis) due to persistent immune dysfunction and inflammation in the 

presence of other co-morbidities and advanced age [15]. It is important to note that, immune 

dysfunction or suppression is increasingly being recognized to play a critical role even in the 

pathology of delayed deaths after sepsis. Postmortem studies of patients who die of sepsis 

indeed have revealed marked immunosuppression [21] and pre-clinical studies equally 

support these findings [22–24]. Research by Hotchkiss et al. and others, have consistently 

shown that defects in effective adaptive immune system responses are a hallmark of 

immunosuppression during sepsis [11, 14, 16]. Immunotherapeutic strategies aimed at 

stimulating the immune system hold significant potential to reverse sepsis-induced 

immunosuppression and improve patient outcomes. The focus of this review is to highlight 

the major alterations in adaptive immune responses during sepsis, and the current and future 

potential for novel immunotherapeutic agents targeting reversal of T cell dysfunction.
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Introduction to the adaptive immune system

The adaptive immune system is composed of cells that respond in a highly specific manner 

to the particular antigen that induced them. It is composed of specialized cells known as 

lymphocytes, specifically T and B lymphocytes, which mediate the cell- and humoral 

immune responses respectively. Figure 1 shows a brief overview of various cells of the 

adaptive immune system. T cells play an important role in the elimination of infecting 

pathogens [25]. Innate immune cells such as dendritic cells, macrophages and monocytes 

prime naïve T cells by presenting specific pathogen-specific antigens in conjunction with 

major histocompatibility complex (MHC) class I and class II molecules [26]. Naïve T cells 

upon antigenic stimulation undergo clonal expansion, produce cytokines and generate 

antigen-specific effector cells, which help to clear the invading pathogen. Upon resolution of 

infection, the majority of effector T cells die (contraction phase) and the surviving T cells 

transform into the memory T cells, which are critical for generating recall responses to 

specific antigens upon reencounter with similar antigens [25]. CD4+ and CD8+ are the 

major T cell subsets. CD4+ T cells are also known as the helper T cells and play a critical 

role in orchestrating numerous responses of both the innate and adaptive immune systems 

[27]. CD8+ T cells, also known as cytotoxic T cells are important for targeted killing of 

tumor cells or virus-infected cells [25]. The antibody mediated responses are carried out by 

B cells, a process which is helped by CD4+ T cells [27]. The antibodies (immunoglobulins) 

produced by B cells are antigen specific. Interaction of immunoglobulin and antigen leads to 

myriad of effects including: inactivation of viruses or microbial toxins by blocking their 

interaction with host cells; as well as tagging of invading pathogens for destruction by 

phagocytes. Therefore, both T and B cells play a critical role in protecting host against life 

threatening infections. Impairment of such crucial defense mechanisms renders the host 

unable to eradicate primary infectious foci in the body, in addition to increasing 

susceptibility to secondary infections during sepsis [17]. The following sections will 

describe the current knowledge regarding impaired adaptive immune responses during sepsis 

and potential immunotherapeutic interventions.

Sepsis-induced T cell dysfunction

Patients respond to sepsis in a heterogeneous manner, with some patients producing both 

pro-inflammatory and anti-inflammatory cytokines early after sepsis onset, and some 

characterized by decreased cytokine secretion or anti-inflammatory response alone [14, 16]. 

Although some patients still succumb to death during the initial phase of sepsis, new 

treatment protocols rescue the majority of the patients from this phase, only to lead into an 

immunosuppressive phase [12]. Numerous pre-clinical and clinical studies show that multi-

organ failure is a common consequence of sepsis which may lead to death [4, 28–30]. 

Growing evidence supports the hypothesis that immunosuppression is a major player in 

sepsis-induced mortality [15, 17]. Immunosuppression during sepsis is also evident from the 

fact that septic patients are highly susceptible to secondary infections caused by 

opportunistic pathogens such as Pseudomonas, Candida, Acinetobacter and Enterococcus 
[20], and a high incidence of reactivation of latent viruses such as cytomegalovirus and 

herpes simplex virus [31, 32]. Major mechanisms leading to sepsis induced impairment of 

adaptive immune system include: (i) apoptosis induced cellular depletion, and (ii) cellular 
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exhaustion and impaired responsiveness to stimuli due to upregulation of inhibitory 

receptors or downregulation of essential co-stimulatory receptors, on the cell surface, and 

(iii) impaired cytokine responses [17, 21].

Sepsis-induced apoptosis of adaptive immune cells

Apoptosis is also known as programmed cell death. The term was first utilized in a historical 

paper by Kerr et al. in 1972, to describe a distinct form of cell death [33]. Apoptosis is a 

physiological process, known to occur during normal growth and development. But 

numerous pathological conditions including sepsis [34], exposure to irradiation and anti-

cancer drugs [35], also cause cellular apoptosis, which can have deleterious consequences 

for the host survival.

Classical mechanistic pathways of apoptosis include the extrinsic pathway and an intrinsic 

or the mitochondrial pathway [36]. Figure 2 describes the major pathways of apoptosis. The 

T cell-mediated perforin-granzyme-dependent killing of a cell also leads to apoptosis, which 

constitutes another known mechanism [36]. However, the ultimate executor of all the 

apoptotic pathways proceeds via cleavage of caspase-3, which causes DNA fragmentation 

and cleavage of cytoskeletal and nuclear proteins leading to cell death [36, 37]. The extrinsic 

pathway of apoptosis is mediated via interaction of the major death ligands such as Fas 

ligand (FasL or CD95L) and Tumor Necrosis Factor (TNFα) with a corresponding death 

receptor like Fas receptor (FasR or CD95R) and TNF receptor (TNFR), respectively, on the 

cell surface. Fas/FasR interaction leads to binding of the adapter protein FADD and the 

TNF/TNFR interaction leads to binding of the adapter protein TRADD followed by 

recruitment of FADD and receptor interacting protein (RIP) [38]. Ultimately, death- induced 

signaling complex (DISC) is formed via association with pro-caspase-8, leading to 

activation of caspse-8. Caspase-8 then triggers the execution phase of apoptosis through 

caspase-3 activation, leading to cell death. Alternatively, the intrinsic pathway can be 

triggered via various stimuli including radiation, hypoxia, free radicals, among others [36]. 

Such toxic stimuli disrupts mitochondrial membrane integrity leading to opening of the 

mitochondrial permeability transition pore (MPT), loss of membrane potential and release of 

mitochondrial cytochrome c into the cellular cytoplasm, which ultimately leads to activation 

of caspase-9, which cleaves caspase-3, leading to execution of apoptosis and cell death. One 

of the major controlling proteins for mitochondrial events of apoptosis is the Bcl-2 family of 

proteins, which govern cytochrome c release through regulation of mitochondrial membrane 

permeability [39]. Some of the anti-apoptotic proteins in Bcl-2 family include Bcl-2, Bcl-x, 

Bcl-XL, Bcl-XS, Bcl-w, BAG, while the pro-apoptotic proteins include Bcl-10, Bax, Bid, 

Bim, Bik, Bad, and Blk [36]. These proteins act through various mechanisms to induce 

apoptosis. The non-phosphorylated form of Bad can translocate to mitochondria and trigger 

cytochrome c release [40], and it can also bind to Bcl-Xl and Bcl-2, thereby inhibiting their 

protective effects [41]. Though the mechanisms are not well understood, Bcl-2 and Bcl-XL 

inhibit apoptosis by regulating caspase activation [42]. Another Bcl-2 family protein called 

Puma which can be induced by p53, acts with BAX protein as a pro-apoptotic molecule 

[43]. Mitochondrial damage is also known to occur via the extrinsic Fas pathway through 

caspase-8 mediated cleavage of Bid, which can translocate to mitochondria where it can 

bind to Bax/Bak of the intrinsic pathway leading to apoptosis [44, 45]. This mechanism is 

Patil et al. Page 5

Pharmacol Res. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



one of the known interaction points between the two classical pathways of apoptosis [46]. 

For both, the intrinsic and the extrinsic pathways, caspase-3 activation orchestrates the final 

apoptosis induced cell death [36].

Apoptosis has been shown to be a significant pathological process during sepsis. In a 

remarkable study by Wang et al., injection of gram-negative bacteria into mice resulted in 

apoptosis of CD4+ and CD8+ cells in the thymus [47]. In the 1990’s, this study was 

followed by other reports which showed extensive apoptosis of lymphocytes in various 

organs including spleen, thymus, colon, ileum, lung, and skeletal muscle in a cecal ligation 

and puncture (CLP)-induced model of sepsis in mice [48] and one study which additionally 

showed apoptosis of B220+ cells in the bone marrow and immature T cells in the thymus 

[49, 50]. Following these studies, numerous pre-clinical studies provided definitive evidence 

that sepsis leads to significant apoptosis- induced loss of CD4+ and CD8+ lymphocytes [16, 

22, 23, 51, 52]. A significant T cell depletion in spleen and wound draining lymph nodes has 

also been shown in systemic Pseudomonas infection during burn injury [53]. Importantly, 

inhibition of apoptosis using specific caspase inhibitors, caspase 3 knockout mice, or 

overexpression of anti-apoptotic Bcl-2 protein significantly decreased apoptosis of T cells 

and improved survival in a CLP model of sepsis [54, 55]. Another important finding was that 

T and B cell-deficient mice (Rag−/− knockout) showed increased mortality after sepsis as 

compared to wild type control mice [54] and caspase inhibitors did not afford any survival 

benefit after sepsis [24], implying that adaptive immune responses are essential for survival 

after sepsis. Indeed, these pre-clinical findings are also seen in clinical studies of septic 

patients. Numerous prospective studies, using blood samples collected from septic patients 

show that sepsis leads to severe lymphopenia early on with activation of pro-apoptotic 

caspase-8,9 and 3 in lymphocytes, reduced expression of anti-apoptotic Bcl-2 protein and 

Bcl-xl, and increased gene expression of pro-apoptotic proteins such as Bim, Bid and Bak. 

The degree of lymphocyte apoptosis correlated with the severity of sepsis in a subset of 

patients [56–58]. Moreover, postmortem analysis of sepsis patients also reveals an extensive 

loss of CD4+ T, CD8+ T and B lymphocyte populations in the spleen and lymph nodes [21, 

34]. These studies also show that sepsis-induced apoptosis of immune cells can occur via 

multiple pathways including both extrinsic and mitochondrial- mediated mechanisms [59]. 

Tables 1 and 2 provide details of the major pre-clinical and clinical studies which show that 

immune cell apoptosis is an important factor in sepsis pathophysiology and provides an 

important target for therapeutic intervention in the future. However, this is challenging as 

such a therapy will need to be specifically targeted for lymphocyte cell populations which 

are undergoing accelerated apoptosis during sepsis. Moreover, the anti-apoptotic therapy 

should have a time limited effect until pathogen elimination and resolution of infection, to 

prevent any unnecessary prolonged blockade of physiological cell death.

T cell exhaustion and impaired response

T cell exhaustion represents an altered differentiation state, which is often characterized by 

features such as loss of effector functions, sustained upregulation of multiple cell surface 

inhibitory receptors, downregulation of co-stimulatory receptors, altered expression of key 

transcription factors and metabolic derangements [60]. It was first described in chronic viral 

infections in mice [61], and has even been shown in patients with HIV and hepatitis C virus 
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infection, and cancer patients. Exhausted T cells have poor functional capacity with reduced 

cytokine production (interferon-gamma, interleukin-2, granzyme-B, TNF-α), impaired 

proliferation, and are prone to undergo apoptotic death. Major inhibitory cell surface 

receptors on T cells include: Programmed Death-1 (PD-1), B and T lymphocyte attenuator 

(BTLA or CD272), Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4 or CD152), T 

cell membrane protein-3 (TIM-3), and lymphocyte activation-gene-3 (LAG-3). The ligands 

for these inhibitory receptors are typically present on antigen presenting cells such as 

dendritic cells, macrophages and monocytes or on the target cells themselves. PD-1 interacts 

with Programmed Death-Ligand 1 and 2 (PD-L1, PD-L2), BTLA interacts with HVEM 

(herpes virus entry mediator), TIM-3 with CEACAM1 (carcinoembryonic antigen-related 

cell adhesion molecule 1) or Galectin 9, LAG3 interacts with antigen molecule presented in 

conjunction with major histocompatibility class II (MHC II) molecule and CTLA-4 interacts 

with CD80/CD86 on antigen presenting cells [60]. Co-stimulatory signals through cell 

surface CD28, along with T cell receptor (TCR), are required for optimal T cell functions 

including proliferation, cell survival and production of IFNγ and interleukin-2, which are 

critical to combat infections [62].

In addition to apoptosis, T cell exhaustion leading to impaired responsiveness is increasingly 

been recognized to play a key role in the pathophysiology of sepsis induced 

immunosuppression [16, 21]. [63]. T cell exhaustion often develops in the face of persistent 

antigen exposure and/or inflammation [60]. High antigen load and inflammation due to 

infection are characteristic features of sepsis [20]. Therefore, T cells have a prolonged 

exposure to persistent stimuli, which can lead to increased expression of cell surface 

inhibitory receptors. PD-1/PD-L1 is one of the major inhibitory receptor-ligand interactions 

studied during sepsis. PD-1 is usually upregulated on the surface of CD4+ and CD8+ T cells 

upon stimulation to prevent excessive T cell activation [60, 64]. The downstream signaling 

events of PD-1 that lead to T cell dysfunction include an intracellular immunoreceptor 

tyrosine -based switch (ITSM) and an immunoreceptor tyrosine-based inhibitory motif 

(ITIM), which recruit tyrosine-protein phosphatases SHP1 and/or SHP2 (SRC homology 

region 2 domain containing phosphatases) [60]. Numerous pre-clinical studies have shown a 

sustained increase in both PD-1 and PD-L1 expression during sepsis. In animal models, 

sepsis has been shown to cause increased expression of PD-1 on T cells and PD-L1 

expression on monocytes which is associated with increased T cell apoptosis and mortality 

in a mouse model of CLP [65–67]. PD-L1 expression has also been shown to be increased 

on neutrophils in addition to monocytes in animal models of sepsis [68] and patients with 

active tuberculosis and HIV [69, 70]. Extensive clinical studies support these preclinical 

findings. In a postmortem study, T cells showed an increased expression of PD-1 and the 

activation marker CD69, and decreased expression of IL-7 receptor (IL-7R or CD127) and 

CD28 [21]. In the same study, ex vivo stimulation of splenocytes with LPS or anti-CD3/anti-

CD28 showed a significant decrease in cytokine production (TNF-α, IFN-γ, IL-6, IL-10), 

implying impairment of lymphocyte function [21]. T cell proliferation is also impaired 

during sepsis [22, 23, 51, 71]. Recent reports show that PD-1 expression is significantly 

increased on peripheral blood CD4+ and CD8+ T cells during Candida bloodstream 

infection associated with CD8+ T cell activation (increased CD69 expression), a decrease in 

co-stimulatory CD28 expression and IL-7R expression [72]. Another prospective clinical 
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study showed that as sepsis progressed, T lymphocytes in blood show increased expression 

of TIM-3, LAG-3, CTLA-4 and decreased IL-7R expression and IFN-γ secretion upon ex 
vivo simulation, along with an increased PD-L1 expression on dendritic cells [56]. This 

study showed some remarkable results because the inhibitory receptor expressions were 

comparatively low at the onset of sepsis but increased significantly over time as sepsis 

progressed [56, 73]. Another prospective clinical study also showed that severe sepsis 

caused a significant increase in PD-1 expression on CD4+ and CD8+ T lymphocytes and 

PD-L1 on monocytes, and furthermore monocyte PD-L1 expression on monocytes served as 

an independent predictor of 28-day mortality in septic shock patients [74, 75]. Shubin et al. 
showed that BTLA expression was significantly increased on circulating CD4+ T cells and 

B cells in septic mice, which was associated with loss of these cells [76]. Moreover, 

critically ill septic patients also show increased BTLA expression on circulating CD4+ T 

cells and higher BTLA expression (>80 %) correlated with increased susceptibility to 

acquiring nosocomial infections [76]. Ventilator associated pneumonia is known to be one of 

the most common nosocomial infections in ICU settings [77, 78] and interestingly, a 

postmortem study by Boomer et al. showed PD-L1 and HVEM expression (HVEM is ligand 

for BTLA) is detectable in the lungs of septic patients as compared to controls [21]. This 

leads to a presumptive hypothesis that septic patients have increased susceptibility to 

secondary lung infections in part due to increased expression of inhibitory ligands on lung 

parenchyma which downregulate T cell functions [17]. Table 2 describes some of the major 

clinical studies showing the evidence for T cell exhaustion markers and related functional 

alterations.

T cell exhaustion can also be facilitated by soluble mediators such as interleukin-10 (IL-10) 

and transforming growth factor-β (TGF-β) [60]. A high ratio of IL-10 to TNF-α has been 

shown to be correlated with increased mortality in patients with sepsis and IL-10 is induced 

early on in the course of sepsis [79, 80]. IL-10 has been shown to suppress the production of 

pro-inflammatory cytokines such as TNF-α, IL-1, IL-6, IFN-γ, and GM-CSF (granulocyte 

monocyte colony stimulating factor) [81] and negatively affect immune cell responses. 

Numerous clinical studies have shown a global depression of cytokine production during 

sepsis, although the functional importance of that observation remains to be fully determined 

[82–84]. IL-10 can be produced by a variety of cell types, among which are regulatory T 

cells (Tregs). Tregs are characterized by flow cytometry as CD4+CD25+FoxP3+ and 

CD4+CD25+CD127+ and are elevated during the post-acute phase of sepsis. The emergence 

of Tregs during sepsis correlates with CD4+ T lymphocyte depletion [85]. Tregs can impair 

effector T cell functions, causing suppression of cellular proliferation and cytokine 

secretion, and induction of apoptosis [86]. Studies also demonstrate an interaction between 

Tregs and the PD-1 pathway, because a simultaneous depletion of Tregs and PD-1 blockade 

caused a synergistic augmentation of viral control and reversal of CD8+ T cell exhaustion 

[87]. IL-10 can also be induced by monocytes upon PD-1/PD-L1 ligation. TGF-β is another 

antiinflammatory cytokine that impairs T cell functions, such as IL-2 production and cell 

proliferation [88], and promotes the development of Tregs [89]. TGF-β levels have been 

shown to be increased in patients early during the course of sepsis [90, 91]. Similarly, pre-

clinical studies also show an elevation in the TGF-β levels during experimental sepsis [92, 

93]. TGF-β has been shown to negatively affect T cell proliferation and impair T cell 
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mediated immune responses in the lung [94]. Ayala et al. showed that elevated TGF-β levels 

correlated with depressed splenocyte functions (interleukin-2 release) in a CLP model of 

sepsis and treatment with monoclonal antibody against TGF-β attenuated spleenocyte 

dysfunction [92]. Therefore, anti-inflammatory cytokines such as IL-10 and TGF-β might 

contribute significantly to sepsis induced impairment of T cell function.

Therefore, numerous mechanisms, which are potentially interconnected at different cellular 

signaling levels, have been implicated in T cell exhaustion during sepsis. As discussed 

above, increased expression of inhibitory receptors on T cells, increased Treg populations, 

and global cytokine depression with increased preponderance towards an anti-inflammatory 

phenotype may tilt the balance in favor of immunosuppression in the course of sepsis [17, 

21, 56].

Is a need for immunotherapy justified?

Numerous clinical trials aimed at modulating the pro-inflammatory response during sepsis 

have failed [8]. As discussed in detail above, the traditional view of sepsis being a pre-

dominantly inflammation-driven pathology is changing as a result of extensive research 

demonstrating early and concurrent immunosuppression [16]. Both pre-clinical and clinical 

studies clearly show that sepsis not only leads to T cell dysfunction, but also impairs the 

actions of antigen presenting cell functions such as monocytes, macrophages [95] and 

dendritic cells [96], resulting in an overall depression of normal immune responses. More 

than 70% of sepsis associated mortality occurs in the later course of disease, which is 

dominated by inability to control the primary infection and development of secondary 

nosocomial infections [20]. Sepsis still remains a serious threat with high mortality rates [4], 

the burden of which is compounded by a growing incidence of antibiotic resistant micro-

organisms [97, 98]. Therefore, strategies to augment host immunity warrant detailed 

investigation and hold promise as a therapy in sepsis. The following sections of this review 

will focus on immunomodulatory agents targeted at boosting T cell functions during sepsis. 

The majority of knowledge about these immunomodulatory agents has been gained from 

animal studies and some clinical investigations.

Immunomodulatory agents in sepsis (summarized in Table 3)

1. Recombinant human Interleukin-7 (IL-7)

IL-7 (a 25 KDa glycoprotein) was discovered in 1988, a result of in vitro experiments 

demonstrating its growth stimulatory effect on B cell progenitors [99]. However, IL-7 also 

impacts T cell proliferation and differentiation and holds significant potential for improving 

T cell homeostasis during sepsis [23, 100, 101]. IL-7 is mainly produced by stromal cells in 

multiple organs including thymus, peripheral lymphoid organs, skin, intestine and liver 

[102]. The majority of immune cells do not produce IL-7 and only a small amount is 

produced by the dendritic cells [103]. The IL-7 receptor is a heterodimer composed of 

IL-7Rα (CD127) and the common receptor γ-chain (CD132) [104] and is expressed by 

most T cells (except for low levels on Treg cells). IL-7 is considered to be a pluripotent 

cytokine that is absolutely required for human T cell development, as evidenced by T cell 

absence in patients with severe combined immunodeficiency (SCID) as a result of mutations 
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in the IL-7Rα or common γ chains [105, 106]. The major mechanisms of action of IL-7 

relevant to sepsis therapy are to induce T cell proliferation, increased diversity of the T cell 

repertoire, decreased lymphocyte apoptosis by upregulating anti-apoptotic protein Bcl-2, 

increased expression of adhesion molecules causing better trafficking and recruitment and 

even helps neutrophil recruitment to sites of infection [22, 23, 104, 107, 108]. IL-7 has been 

shown to be well tolerated in clinical trials with no severe toxicities and more than doubling 

the levels of circulating CD4+ and CD8+ T cells in HIV and cancer patients [100, 109]. It 

does not induce a hyper-inflammatory cytokine storm and has been well tolerated in clinical 

trials [104]. Several pre-clinical studies indicate that IL-7 has significant beneficial effects 

during sepsis. In mouse models of sepsis, Hotchkiss and colleagues have shown that IL-7 

treatment leads to restoration of depleted T cells in lymphoid organs, increased T cell 

proliferation, decreased lymphocyte apoptosis (via increased Bcl-2 protein expression), 

restoration of T cell IFNγ secretion, increased CD28 expression, and significant 

improvement in survival [22, 23, 107, 110]. IL-7 has also been shown to indirectly interact 

with the innate immune system by helping to recruit neutrophils to the site of infection via 

IL-17 secreted by γδT cells, which ultimately improved bacterial clearance and increased 

survival in a CLP model of sepsis [107]. Importantly, Venet et al. demonstrated that ex vivo 
treatment of T lymphocytes derived from septic patients with IL-7, significantly improved 

CD4+ and CD8+ T cell proliferation, IFN-γ production, STAT5 phosphorylation, and Bcl2 

protein induction [108]. IL-7 mediates its proliferative and anti-apoptotic effects on T cells 

through activation of phosphoinositide 3-kinase (PI3K) and the Janus kinase-signal 

transducer and activator of transcription (JAK-STAT5 pathway) [104]. Therefore, STAT5 is 

one of the key signaling molecules which mediate the effects of IL-7. Low doses of IL-7 

have been shown to preferentially activate effector T cells (Teff) as compared to Tregs in 

peripheral blood from septic patients [111]. Sepsis patients exhibit an extensive loss of T cell 

receptor (TCR) diversity, which is linked with an increased incidence of nosocomial 

infection and associated mortality [112]. IL-7 treatment has the potential to enhance TCR 

diversity and thereby help to mount an effective immune response against a variety of 

infecting pathogens [113]. In a clinical study in HIV pateints, IL-7 therapy also decreased 

PD-1 expression on lymphocytes [109]. Therefore, IL-7 has a highly versatile mechanism of 

action to attenuate T cell dysfunction. Though IL-7 therapy is a very tempting alternative to 

control sepsis, no actual clinical trial data exist to show its beneficial effects in septic 

patients. A clinical trial is in progress to study the effect of IL-7 to restore absolute 

lymphocyte counts in septic patients (registered on ClinicalTrials.gov # NCT02640807) and 

the results are much anticipated.

2. Interleukin-15 (IL-15)

IL-15 is a 14–15 KDa glycoprotein predominantly produced by dendritic cells, 

macrophages, monocytes, endothelial cells, stromal cells and renal epithelial cells [114–

117]. IL-15 is transported to the surface of the cells complexed with IL-15 receptor-alpha 

(IL-15Rα) and presented to target cells (memory CD8+ T, NK and NKT cells) expressing 

IL-15 receptor β and common γ chains, through a unique mechanism called trans-

presentation [118–120]. IL-15 signals through a heterodimeric receptor composed of the 

IL-2R/IL-15Rβ (CD122) beta and common gamma chains [121]. IL-15 is absolutely 

essential for the growth and survival of natural killer (NK) cells and NKT cells, and 
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stimulates T cell proliferation (memory CD8+ T cells preferentially) and immunoglobulin 

synthesis by B cells and dendritic cells [122]. IL-15 has been shown to induce expansion of 

effector memory T cells and enhance their functions in HIV patients [123]. IL-15 therapy is 

being investigated as a cancer therapy and modified T cells that co-express IL-15 even 

showed a reduced expression of PD-1 [124]. IL-15 is also known to enhance the functions of 

multiple innate immune cells, including protection of neutrophils from apoptosis and 

modulation of neutrophil phagocytic functions [125]; increasing phagocytic action and 

cytokine secretion of macrophages [126]; and inducing maturation and inhibition of 

apoptosis among dendritic cells [127]. Although IL-15 has not been investigated in detail 

during sepsis, the potential beneficial effects of IL-15 on various immune cells make it an 

attractive tool in sepsis immunotherapy. In a mouse model of sepsis, IL-15 significantly 

decreased sepsis induced apoptosis of NK cells, dendritic cells, CD8+ T cells and gut 

epithelial cells, as result of increased Bcl-2 protein expression (anti-apoptotic) and decreased 

Bim and PUMA protein expression (anti-apoptotic) in immune cells [51]. Furthermore, 

IL-15 treatment also increased circulating IFN-γ levels and significantly improved survival 

in CLP sepsis and a Pseudomonas aeruginosa pneumonia model [51]. IL-15 has also been 

shown to be beneficial in reducing sepsis-induced muscle wasting in mice [128]. However, a 

recent study using burn wound infection induced Pseudomonas aeruginosa sepsis model 

showed that although IL-15 significantly increased CD8+, NK and NKT cells, but did not 

improve bacterial clearance or survival [53]. The contrasting findings might be the result of 

significant differences in the models used, as the latter study has a burn injury component as 

an additional insult prior to inducing infection and used BALB/c mice instead of the CD-1 

mice strain used in the earlier CLP studies. IL-15 has also been shown to have potential 

toxic effects. It caused liver injury and cachexia in a mouse model [129] and caused fever, 

grade 3 hypotension and liver injury in a clinical trial for cancer patients [130]. Therefore, 

though IL15 possesses stimulating effects on numerous immune cells, its toxicity profile 

also needs to be taken into consideration. IL-15 does merit further investigation as an 

immunotherapeutic agent during sepsis. Based on the current knowledge as discussed above, 

future studies need to focus on testing various doses in different sepsis models to find an 

optimal dose with no overt toxicity. Moreover, rather than monotherapy, it might be 

worthwhile to explore the effects of IL-15 as combinatorial therapy with other 

immunotherapeutic agents. The combination of IL-15 with antibodies that block PD-1 or 

CTLA-4 has been shown to reduce IL-10 production and PD-1 expression on CD8+ T cells, 

which enhanced the anti-tumor activity of IL-15 [131].

3. Antibodies against inhibitory immune checkpoints

As discussed in detail in the T cell exhaustion section, expression of inhibitory receptors 

such as PD-1 on T cells and PD-L1 on antigen presenting cells and parenchymal cells 

downregulates T cell functions during sepsis [21, 65, 66, 68]. Blocking the PD-1/PD-L1 

pathway has been successful in cancer therapy and FDA has recently approved PD-1 

monoclonal antibodies to treat human cancers Bristol-Myers Squibb (Opdivo or nivolumab) 

and Merck (known as Keytruda or pembrolizumab) have developed and marketed antibodies 

to treat metastatic melanomas, non-small-cell lung carcinomas and metastatic renal cell 

carcinomas [132]. These therapies have induced successful regression of advanced stage 

cancers and improved survival rate. In pre-clinical mouse models of sepsis, blockade of 
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either PD-1 or PD-L1 significantly improved survival [65, 66, 133]. Therefore, antibody 

therapies aimed at blocking PD-1 and/or PD-L1 are gaining significant attention as 

immunotherapeutic agents in sepsis. Studies show that increased PD-1 expression on 

circulating T cells in septic patients correlates with decreased T cell proliferation and 

increased secondary infections leading to higher mortality [71]. A current clinical trial is 

underway to assess the efficacy of anti-PDL1 in patients with severe sepsis (registered on 

ClinicalTrials.gov #NCT02576457).

BTLA is another immune checkpoint inhibitor that has been shown to be associated with 

increased morbidity and mortality in pre-clinical studies of sepsis [134]. Shubin et al. 

showed that BTLA expression is increased on circulating CD4+ T cells in sepsis patients 

and higher BTLA levels correlated with development of nosocomial infections [76]. BTLA 

knockout mice show reduced bacterial burden, decreased organ injury markers and improved 

survival in a CLP mouse model of sepsis [134]. CTLA is another member of the co-

inhibitory receptor family. Pre-clinical studies show that bacterial sepsis causes increased 

expression of CTLA-4 on CD4+ and CD8+ T cells, and anti-CTLA-4 treatment dose 

dependently decreased CD4+ and CD8+ T lymphocyte apoptosis and improved survival 

[135]. Anti-CTLA-4 treatment also caused an increase in IFNγ production by splenocytes 

stimulated with anti-CD3/ani-CD28 (specific to T cell stimulation) and improved survival in 

a model of Candida fungal sepsis [133]. Therefore, blocking BTLA and CTLA-4 signaling 

might be another adjunct immunotherapy option during sepsis, which needs further 

exploration.

4. Interferon gamma (IFN-γ)

Activated CD4+ and CD8+ T cells, along with NK cells, are known to be the major source 

of IFNγ [136]. IFN-γ upregulates HLA-DR expression on monocytes and it is one of the 

key cytokines responsible for activation of monocytes and macrophages, which are essential 

for microbial elimination during sepsis [137, 138]. Both, pre-clinical and clinical studies 

show that T cell IFN-γ production is dramatically decreased during sepsis [21, 23, 56]. 

Therapies that restore T cell IFN-γ production have been shown to improve survival in 

animal models of sepsis [23, 133]. Infants with deficient production of IFN-γ exhibit 

decreased neutrophil mobility and NK cell activity and are more prone to recurrent 

infections, which further underscores the importance of IFN-γ in effective 

immunoregulation [139]. Recombinant IFN-γ treatment has been shown to increase HLA-

DR expression on monocytes in septic patients, improve monocyte function and treatment 

was not associated with any adverse effects [140]. In another clinical report, treatment of a 

diabetic patient with severe staphylococcal sepsis which was refractory to antibiotic 

treatment, with IFN-γ resulted in elimination of the pathogen and resolution of sepsis within 

a week [141]. A large randomized, double-blind, placebo controlled clinical trial showed 

that IFN-γ treatment decreased the number of infection-related deaths in severely injured 

patients (like gunshot wound, motor vehicle accident and stab wound) [142]. Therefore, 

IFN-γ could be a potential immunomodulatory therapy during sepsis. But, it is very 

important to consider the fact that IFN-γ therapy might only be beneficial in sepsis patients 

with demonstrated immunosuppression such as those with downregulated HLA-DR on 

monocytes and it will not likely be beneficial in all the patients. Moreover, it may be harmful 
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if administered during the pro-inflammatory phase of sepsis, by fueling further stimulation 

of monocytes and causing a vicious cycle of hyper inflammation. Therefore, IFN-γ therapy 

should be individualized to specific sepsis patients and can serve as an adjunctive therapy 

along with IL-7 and anti-PD1/anti-PD-L1, as IFN-γ alone is insufficient to correct the 

underlying T cell apoptosis and exhaustion during sepsis. A clinical trial is underway at the 

Radboud University in Netherlands, to assess the effects of adjunctive therapy with IFN-γ 
on immune functions in septic patients (Clinicaltrials.gov # NCT01649921), results of which 

are much anticipated.

5. Fms-like Tyrosine Kinase-3 ligand (Flt3L)

Flt3L is a cell surface transmembrane protein, which also exists as a soluble form owing to 

its proteolytic cleavage and both forms are biologically active [143]. Flt3L acts on a class III 

tyrosine kinase receptor, Flt3R, which is expressed predominantly on hematopoietic 

progenitor cells (including both myeloid and lymphoid) as well as on major steady state 

dendritic cell populations, and is essential for maintenance and expansion of early 

hematopoietic stem cells [143]. Flt3L affects the growth and mobilization of pluripotent 

hematopoietic stem and progenitor cells among both the lymphoid and myeloid pathways; 

thus it is considered to be a stem cell growth factor. Flt3L is usually considered to act in 

synergy with other endogenous cytokines such as IL-7, IL-3 and IL-11 to stimulate B cell 

lymphopoiesis in vitro, with IL-12 in thymus to promote T cell development, and with IL-15 

to promote NK cell development [143]. Flt3L has been shown to an effective dendritic cell 

growth factor and a large expansion of dendritic cells has been observed in healthy human 

volunteers [144], as well as mice [145] receiving Flt3L. Flt3L treatment causes a potent 

expansion of splenic dendritic cells, which enhances neutrophil antimicrobial functions and 

improves survival during burn injury and Pseudomonas aeruginosa sepsis, and the protective 

effect was sustained even with adoptively transferring Flt3L-treated dendritic cells [145, 

146]. Dendritic cells are a part of innate immune system and are the most effective antigen 

presenting cells for T cell activation [147]. Dendritic cell dysfunction is increasingly being 

recognized as an important factor in sepsis pathophysiology, which can indirectly impair T 

cell functions [96]. Importantly, recent studies from our laboratory using a mouse model of 

burn injury and Pseudomonas aeruginosa sepsis also show that Flt3L treatment attenuates T 

cell depletion, restores T lymphocyte CD28 and IFNγ secretion, attenuates increased PD-L1 

expression on antigen presenting cells (dendritic cells, macrophages and monocytes), 

decreased organ injury markers and significantly improved survival (in press at SHOCK 
journal). Flt3L has also been shown to protect cardiomyocytes after infarction through 

reduction of oxidative stress and apoptosis [148]. Whether Flt3L has similar anti-apoptotic 

effects on T cells during sepsis, is yet to be determined. Moreover, Flt3L is already in 

clinical trials as a combination immunotherapy for lymphoma and has shown a good safety 

profile [149]. Therefore, Flt3L treatment certainly holds significant therapeutic potential 

during sepsis and merits further investigation as an immunotherapy alone or in combination 

with other therapies such as IL-7.

6. Chimeric Antigen Receptor (CAR) T cell therapy

CAR is composed of an extracellular antigen-recognition domain, which is usually an 

antibody single-chain variable fragment, but can also be a peptide or another protein, linked 
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to an intracellular signaling domain – usually the CD3 zeta chain of the T cell receptor 

(TCR) [150]. CAR T cells are specially engineered in the laboratory and they specifically 

bind to only a particular antigen causing T cell activation, proliferation and cytokine 

secretion to eradicate the target cells, without the need for antigen presentation by the 

antigen presenting cells. CAR T cell therapy is being continuously improved upon and 

newer generation CAR T cells even have an additional integrated co-stimulatory signaling 

moiety such as CD28, to mount optimal T cell activation upon antigen encounter [151]. 

Therefore, CAR manipulation of T cells redirects them towards target cells to directly carry 

out critical effector functions. CAR T cells are being extensively investigated in cancer 

research to target T cells for destroying malignant cells and CD19 targeted CAR T cells have 

demonstrated marked anti-tumor responses in B cell acute lymphoblastic leukemia (B-ALL) 

[152–154]. In a remarkable study by Kumaresan et al., modified CAR T cells, which 

recognize Dectin-1 (mediates recognition of Aspergillus fumigatus fungus), inhibited the 

growth of fungal hyphae in vitro and diminished fungal infection in the mice as evidenced 

by decreased Aspergillus load in the lungs of treated mice as compared to untreated mice 

[155]. This study is the first to demonstrate that a pattern recognition receptor could be 

adapted to redirect cytotoxic CD8+ T cell specificity for pathogen elimination. Modified T 

cells were also able to secrete IFN-γ and might further potentiate the activation of 

granulocytes, especially macrophages, which remains to be determined. Therefore, such 

modified T cells could be developed if distinct antigen targets are identified among various 

infecting pathogens or a common antigen among groups of pathogens. For example, 

hypothetically the O antigen of gram negative bacterial lipopolysaccharide (LPS), could be a 

possible target. The O antigen of LPS is exposed on the extracellular surface of bacteria and 

could be adapted to produce specific cytotoxic CAR T cells against a group of gram negative 

bacteria. Such therapies could be beneficial for all sepsis patients and not just 

immunosuppressed patients, who are refractory to other therapies. Another important aspect 

of CAR T cell therapy is that the patient’s own cells could be genetically engineered for 

autologous transfusion, preventing any adverse effects of rejection. Development of CAR T 

cell therapy for infectious diseases has a long way to go and needs extensive pre-clinical 

research before any clinical study could be undertaken. CAR T cell therapy could have 

adverse effects which might be challenging to overcome. Retroviral and lentiviral vectors 

used to create CAR T cells could cause toxicity by insertional mutagenesis in the host, 

depletion of normal B cells (if CD19 CAR T cells used) leading to B cell aplasia, off target 

toxicities in other organs, and exaggeration of systemic inflammation or cytokine storm (due 

to excessive cytokine release upon antigen engagement by T cells) [156]. Numerous 

strategies to reduce such non-specific toxicities are being studied by scientists in the cancer 

field and the future might hold promise for CAR T cell therapies in sepsis as well, especially 

based on the encouraging results from the successful study of Aspergillus elimination by 

Dectin-1 modified cytotoxic T cells [155].

Biomarker guided patient stratification is essential is sepsis 

immunotherapy

Although, immunotherapy is a very promising approach in sepsis, it needs special 

consideration with respect to stratifying suitable patients. Immunotherapy needs to be 
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directed towards patients who are actually immunosuppressed and developing specific 

biomarkers can aid in identifying specific patient populations. The following are few of the 

methods which could be used to detect immunosuppression and better direct the 

immunotherapeutics as discussed in previous sections:

i. Genetic profiling of individual patients to detect specific alterations that 

render an individual susceptible to infection [157–159]. A study by Wong 

et al. showed that pediatric septic shock is characterized by repression of 

genes corresponding to adaptive immunity as early as 1 to 3 days after 

septic shock [158]. Thus, the use of profiling could be used to identify 

immunosuppressed patients that would gain the greatest possible benefit of 

immunotherapy.

ii. Sustained severe Lymphopenia as opposed to increased circulating Tregs 

[85]. Recent studies by Drewry and colleagues show that septic patients 

with sustained lymphopenia have increased in-hospital and long-term 

mortality [160]. Thus, measurement of blood absolute lymphocyte count 

provides an easily accessible and potentially valuable marker of ongoing 

immunosuppression.

iii. Lymphocyte expression of inhibitory receptors such as PD-1, BTLA using 

flow cytometry technique on circulating T cells and PD-L1 expression on 

antigen presenting cells such as dendritic cells and monocytes, could serve 

as a marker to detect T cell exhaustion [21].

iv. Ex vivo stimulation of peripheral blood mononuclear cells (with anti-CD3/

anti-CD28) to detect altered, T cell cytokine secretion such as IFN-γ [21, 

56].

v. Increased levels of anti-inflammatory cytokines (IL-10 and TGF-β) as 

compared to pro-inflammatory cytokines (TNF-α) [79, 80, 90, 91].

vi. Measuring reactivation of latent viruses such as Cytomegalovirus, Epstein 
Barr virus and Herpes Simplex virus [32].

vii. Development of secondary nosocomial infections such as opportunistic 

fungal infections (eg. Candida), Pseudomonas aeruginosa pneumonia and 

others [20].

Combination Immunotherapy for sepsis

As discussed above, numerous immunotherapeutic agents hold significant potential for 

sepsis therapy. Due to the wide variations in individual immune responses to a septic insult, 

combination of various immunomodulatory agents holds better chances of success rather 

than a standalone therapy by any individual agent. Moreover, individual therapies could be 

altered over the course of sepsis based on the temporal changes in immune responses [15].

The following represent some of the examples of combination strategies based on 

experimental evidence:

Patil et al. Page 15

Pharmacol Res. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



i. Combination of IL-7 with anti-PD-1 and/or anti-PD-L1 will be beneficial 

in patients with lymphopenia and T cell exhaustion [22, 23, 65, 66, 110, 

133].

ii. Flt3 ligand combined with IL-7 can lead to robust increase in T cell 

population in patients with severe lymphopenia. Flt3 ligand also leads to a 

potent expansion of dendritic cells, which are the most important antigen 

presenting cells to T cells [143, 145].

iii. Anti-PD-1/anti-PD-L1 or IL-7 could be combined with IFN-γ in patients 

with decreased HLA-DR expression on monocytes and T cell dysfunction 

[161].

iv. Anti-BTLA therapy in combination with anti-PD-L1 in patients with 

secondary ventilator associated pneumonia infections, as HVEM (ligand 

for BTLA) and PD-L1 expression were shown to be increased in lungs of 

patients who died of sepsis [21, 134].

v. IL-7 in combination with potential small molecule to inhibit lymphocyte 

apoptosis for increasing T lymphocyte counts and simultaneously 

decreasing sepsis induced ongoing lymphocyte depletion. Caspase 

inhibitors and HIV protease inhibitors have been tested in mice models of 

CLP sepsis and shown significant benefits with improved survival [24, 

162]

vi. Flt3 ligand in combination with Monophosphoryl Lipid A (MPLA) as a 

prophylactic therapy in critically ill burn patients to protect against sepsis 

[163–165]. MPLA is known to enhance innate immune cell functions and 

serves as a potent vaccine adjuvant [163–166].

Could Immunotherapy backfire in sepsis treatment?

The biggest fear with respect to immunotherapy is the development of an exaggerated 

inflammatory response, which can lead to fulminant hyper inflammation and rapid death 

during sepsis. Therefore, it is essential to stratify patients based on their immune status and 

administer personalized immunotherapy for individual patients as discussed above. 

However, such an adverse effect was not seen in clinical trials of immunomodulatory agents 

such as IFN-γ in critically ill trauma patients [161] or the staphylococcal sepsis patient 

[141], or IL-7 in HIV and cancer patients [100, 109]. Moreover, patients developing 

immunosuppression during protracted sepsis have significantly impaired production of 

inflammatory cytokines [21, 56]. Initial mouse studies after PD-1 discovery suggested that 

PD-1 deficiency also causes an increased incidence of autoimmune diseases leading to 

various pathologies such as lupus like syndromes, de novo type 1 diabetes, dilated 

cardiomyopathy and others [167, 168]. Therefore, the extension of PD-1/PD-L1 therapies 

for sepsis immunotherapy should be done with caution. Usually such side effects occur upon 

prolonged blockade of PD-1/PD-L1 pathway. During sepsis, such therapy that will be 

transient until resolution of infection and autoimmune side effects might not be a reality. 

However, only future clinical trials in sepsis can answer these questions. IL-15 has been 
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shown to have potential toxic effects. It caused liver injury and cachexia in a mouse model 

[129] and caused fever, grade 3 hypotension and liver injury in a clinical trial for cancer 

patients [130]. Therefore, strict patient monitoring is needed with all immunotherapeutic 

agents. Ultimately, only clinical trials will be able to answer our concerns related to adverse 

effects of immunotherapy during sepsis.

Concluding Remarks

Stagnancy in development to any novel antibiotic therapies, growing emergence of antibiotic 

resistant pathogens and failed clinical trials focusing on modulating the pro-inflammatory 

phase of sepsis are major factors propelling the researchers in the sepsis field to develop and 

test immunomodulators aimed at attenuating immunosuppression during sepsis. Overall, 

immunotherapy could be successful in clinics for treating sepsis, if a personalized approach 

is taken for each patient. We believe that immunomodulatory agents such as IL-7 and 

antibodies to block T cell inhibitors such as anti-PD-1 and anti-PD-L1 hold significant 

future potential to end our decades of struggle to fight protracted sepsis.
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Figure 1. Overview of the Adaptive Immune System
The helper CD4+ T cells are activated upon antigen presentation by the antigen presenting 

cells. The activated CD4+ T cell undergo clonal expansion to form memory CD4+ T cells 

and effector CD4+ T cells. The effector CD4+ T cells serve to activate B cells, CD8 T cells 

and even macrophages to carry out pathogen elimination. Sepsis impairs the functions of 

both antigen presenting cells and the cells of adaptive immune system. (CD4 – CD4+ T 

lymphocytes, B – B lymphocytes, CD8 – CD8+ T lymphocytes and Mϕ – Macrophage).
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Figure 2. Major pathways of Apoptosis
Extrinsic pathways of apoptosis proceed through binding of Fas ligand to Fas receptor 

and/or TNFα to TNF receptor, leading to intracellular caspase 8 activation. Intrinsic 

pathway of apoptosis involves compromised mitochondrial membrane integrity due to 

various stimuli such as bacterial toxins, radiation and others. Various pro-apoptotic and anti-

apoptotic mediators are shown. Mitochondrial membrane integrity is compromised leading 

to cytochrome c release, which ultimately leads to caspase-9 activation. Both activated 
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caspase 8 and 9, further activate caspase 3, which carries out the final execution of the 

apoptosis cascade leading to cellular disintegration and death.
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Table 1

Sepsis induced apoptosis (Pre-clinical studies)

Experimental Model of
Sepsis

(Pre-clinical studies)

Author Major Findings

1. Intraperitoneal injection of
bacteria (Pseudomonas,

Klebsiella, Streptococcus
Pneumonia)

Wang et al, 1994
[ref – 47]

1 Apoptosis of thymocytes, CD4+ and CD8+ T cells

2 Thymic atrophy

2. Cecal Ligation and
Puncture (CLP)

Ayala et al. 1995, 1996
[ref – 49, 50]

1 Increased apoptosis of immature T cells in thymus

2 Apoptosis of B220+ cells in bone marrow

3. CLP Hotchkiss et al. 1997
[ref – 48]

1 Lymphocyte apoptosis in spleen, thymus, colon, ileum, 
lung, skeletal muscle

2 Apoptosis of parenchymal cells in ileum, colon, lung, 
kidney and skeletal muscle

4. CLP Hotchkiss et al. 1999,
2000
[ref – 24, 54, 55]

1 Caspase inhibitors, Caspase knockout, Bcl-2 over 
expression blocked apoptosis in thymocytes and 
splenocytes

2 Protected T cell mitochondrial membrane potential

3 Decreased Bacteremia and Improved survival

5. CLP in Rag knockout 
mice

Hotchkiss et al. 1999
[ref – 54]

Decreased 7 day survival in Rag KO mice
(~5.3%) as compared to wild type mice (~45%),
showing T cell are necessary for sepsis
resolution

6. CLP in FADD and pro-
apoptotic Bid, PUMA and

Noxa knockout mice

Chang et al. 2007
[ref – 58]

1 Decreased lymphocyte apoptosis in FADD, Bid and 
Bim KO mice and increased survival

2 No protection in PUMA and Noxa KO mice

7. CLP in humanized mice
model (functional human
immune system in mice)

Unsinger et al. 2009
[ref – 52]

Increased T and B lymphocyte apoptosis in
spleen (humanized cells undergo similar
apoptosis as mice during sepsis)

8. CLP Unsinger et al. 2010 [ref –
23]
Inoue et al. 2010 [ref – 51]

1 Increased CD4+, CD8+ T lymphocytes apoptosis and 
decreased proliferation in spleen

2 Decreased CD4+, CD8+, NK, B and dendritic cell 
numbers in spleen

3 Decreased survival

9. Pseudomonas
aeruginosa sepsis
post burn injury

Patil et al. 2016 [ref – 53] 1 Blood lymphopenia

2 Decreased CD4+ and CD8+ T cell counts in the spleen 
and wound draining lymph nodes

3 Decreased survival
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Table 2

Sepsis induced apoptosis and T cell exhaustion (Clinical studies)

Clinical Study
overview

Author Major Findings

1. Postmortem
study of 20 sepsis

patients

Hotchkiss et al.
1997 [ref – 48]

1 Focal apoptosis in spleen, colon, ileum

2 Marked lymphocytopenia in spleen due to apoptosis

2. Postmortem
study of 24 sepsis

patients

Hotchkiss et al.
2001 [ref – 34]

1 Increased splenic lymphocyte apoptosis

2 Loss of CD4+, B and total CD3 cells in spleen

3 No effect on CD8+ T cells and increased NK cells in spleen

3. Prospective study
(blood samples, 71

sepsis patients)

Hotchkiss et
al.2005 [ref – 57]

1 Increased apoptosis in CD4+, CD8+, B and NK cells

2 Degree of apoptosis correlated with sepsis severity

3 Both extrinsic and intrinsic apoptotic pathways involved

4. Prospective study
(blood samples, 16

severe sepsis
patients)

Weber et al. 2008
[ref – 58]

1 Blood Lymphopenia

2 Activation of caspase 3, decreased expression of anti-apoptotic Bcl-2 and 
Bcl-XL, and increased expression of pro-apoptotic Bim, Bid, Bak proteins 
in lymphocytes

5. Postmortem study
of 40 sepsis patients

Boomer et al.
2011

[ref – 21]

1. Depletion of CD4+, CD8+ and HLA-DR cells in spleen and lung

T cell exhaustion evidenced by:

2. Suppressed cytokine secretion by spleenocytes (ex vivo stimulation)

3. Increased CD69 (activation), increased PD-1 and decreased IL-7R (CD127)

4. Increased PD-L1 and HVEM expression in lung

6. Prospective study
(blood samples from

19 septic shock
patients)

Zhang et al.
2011

[ref – 75]

1 Increased CD4+, CD8+ T and B cell apoptosis

2 Increased expression of PD-1 on T cells and PD-L1 on monocytes

3 Blockade of PD-1/PD-L1 in vitro decreased apoptosis and IL-10 
production

7. Prospective study
(blood samples from
64 sepsis patients)

Guignant et al.
2011 [ref – 71]

1 Increased PD-1, PD-L1 expression on CD4+ T cells

2 Increased PD-1, PD-L1 and PD-L2 expression on monocytes

3 Decreased lymphocyte proliferation

4 Increased IL-10 concentrations

5 Increased secondary nosocomial infections correlating with mortality rate

8. Prospective study
(blood samples from
24 sepsis patients)

Boomer et al.
2012 [ref – 56]

1 Increased expression on CTLA4 and decreased IL-7R on CD4+/CD8+ T 
cells, increased TIM3,LAG-3 and CD69 on CD4+ cells and increased PD-
L1 on dendritic cells

2 Decreased IL-6 and IL-10 as sepsis progressed

3 Decreased lymphocytes IFNγ secretion (ex vivo stimulation)

9. Prospective study
(blood samples, 24

sepsis patients)

Shubin et al.
2013 [ref – 76]

Increased BTLA expression on CD4+ T cells correlated
with increased incidence of nosocomial infection

10. Prospective
study (blood
samples, 27

Candida fungal

Spec et al.
2016 [ref – 72]

1 Increased PD-1 expression on CD4+ and C8 T cells

2 Decreased CD28 expression on CD4+ T cells

3 Trend towards decrease in IL-7R on CD4+ and CD8+ T cells
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Clinical Study
overview

Author Major Findings

sepsis patients) 4 No change in BTLA and TIM-3 expression
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Table 3

Potential Immunotherapeutics for Sepsis

Immunotherapy
agent Mechanism of Action Proposed benefit during

sepsis
Potential adverse
effects

IL-7 • Increases naïve T 
cell production 
(thymus), 
promotes T cell 
proliferation, 
activation and T 
cell receptor 
diversity

• Decreases T cell 
apoptosis 
(increased Bcl-2 
expression)

• Increased T cells 
recruit 
neutrophils to site 
of infection 
(through IL-17 
from γδT cells)

• Increased 
adhesion 
molecule 
expression on T 
cells (LFA1 and 
VLA4) – better 
trafficking

✓ Restoration of 
T cell numbers 
in circulation 
and lymphoid 
organs

✓ Improve 
pathogen 
clearance

✓ Increase host 
resistance to 
nosocomial 
infections

✓ Improve 
survival

• No potential 
adverse effects 
have bene 
noted in both 
pre-clinical 
and clinical 
studies (HIV 
and Cancer)

IL-15 • Stimulates NK, 
NKT, CD8+ and 
dendritic cell 
proliferation and 
activation

• Decreases NK, T, 
neutrophil and 
dendritic cell 
apoptosis

• Stimulates 
macrophage 
cytokine 
secretion and 
phagocytosis

• Increases NK and 
T cell IFNγ 
secretion

✓ Protects against 
CD8+ T cell, 
NK and 
dendritic cell 
depletion

✓ Improve 
pathogen 
clearance

✓ Improve 
survival

✓ Might be a 
better as a 
combination 
therapy with 
other agents

• Liver injury 
and Cachexia 
(mouse 
studies)

• Fever, Grade 3 
hypotension 
and liver injury 
(cancer clinical 
trials)

Anti-PD-1
antibody

• Binds to PD-1 
receptors on T 
cells

• Blocks PD-1 
interaction with 
PD-L1 and PD-
L2

• Prevents T cell 
inhibition 
through 
PD-1/PD-L 
pathway

✓ Inhibits T cell 
exhaustion

✓ Decrease IL-10 
levels

✓ Increase host 
resistance to 
nosocomial 
infections

✓ Improve 
pathogen 
clearance and 
survival

• Long term 
PD-1 
inhibition 
could cause 
autoimmune 
diseases
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Immunotherapy
agent Mechanism of Action Proposed benefit during

sepsis
Potential adverse
effects

Anti-PD-L1
antibody

• Binds to PD-L1 
on antigen 
presenting cells 
and tissue 
parenchymal 
cells

• Blocks PD-1 / 
PD-L1

• Prevents T cell 
inhibition 
through 
PD-1/PD-L 
pathway

✓ Inhibits T cell 
exhaustion

✓ Increase host 
resistance to 
nosocomial 
infections

✓ Potentially 
reduce 
ventilator 
associated 
Pneumonia

✓ Improve 
pathogen 
clearance and 
survival

• Long term 
PD-1/PD-L1 
inhibition 
could cause 
autoimmune 
diseases

Anti-BTLA
antibody

• Binds to BTLA 
receptor on T 
cells

• Blocks BTLA 
interaction with 
HVEM on tissue 
parenchymal 
cells (eg. In lung)

✓ Prevent T cell 
inhibition

✓ Decrease 
susceptibility to 
nosocomial 
infections

✓ Improve 
survival

• May increase 
Tregs

• Potential for 
induction of 
autoimmune 
and hyper-
inflammatory 
phenotype

Anti-CTLA4
antibody

• Binds to CTLA4 
receptor on T 
cells and blocks 
CTLA4 
interaction with 
CD80/CD86 on 
antigen 
presenting cells

✓ Prevent T cell 
inhibition

✓ Dose 
dependent 
increase in 
survival post 
sepsis

• Potential for 
induction of 
autoimmune 
and hyper-
inflammatory 

phenotype*

IFNγ • Upregualtes 
HLA-DR 
expression on 
monocytes, and 
activates them

✓ Restore 
monocyte and 
macrophage 
function

✓ Improve 
neutrophil 
activity

✓ Improve 
pathogen 
clearance and 
survival

• Treatment may 
increase 
inflammatory 
response, 
though clinical 
trials did not 
show such 

effects*

Flt3 Ligand • Hematopoietic 
stem cell 
maintenance and 
expansion

• Marked 
expansion of 
dendritic cells

✓ Protect T cell 
function 
(preserve CD28 
expression and 
IFNγ 
secretion)

✓ Increase innate 
immune cell 
numbers and 
function

✓ Improve 
pathogen 
clearance and 
survival

• Flt3 treatment 
has a potential 
for increasing 
inflammation 
as it causes 
expansion of 
myeloid cells 

as well*
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Immunotherapy
agent Mechanism of Action Proposed benefit during

sepsis
Potential adverse
effects

CAR T cell 
therapy

• T cell modified to 
detect and bind to 
specific antigens

• Persistent specific 
T memory cells 
against specific 
antigens

✓ T cell mediated 
pathogen 
elimination

✓ Decreased 
pathogen load

• May cause 
insertional 
mutagenesis, B 
cell aplasia, of 
target organ 
toxicities and 
cytokine 

storm*

*
needs to be determined in future studies
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