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Abstract

Sepsis can result from a variety of pathogens, originating from a range of sources. A vast range 

of presenting symptoms is included in the catch-all term of “bacteremia,” making diagnosis and 

prognosis particularly troublesome. One underexplored factor contributing to disparate outcomes 

is the age of the patient. Neonatal sepsis in very-low-birth-weight infants can result in vastly 

different immunological outcomes unique from sepsis in adults. It is also becoming increasingly 

clear, both from preclinical experimental models and clinical observations, that the age and history 

of previous microbial exposures can significantly influence the course of infection from sepsis 

and cytokine storms to immunopathology. In this study, we will explore key differences between 

neonatal and adult sepsis, experimental models used to study sepsis, and how responses to the 

surrounding microbial universe shape development of the immune system and impact, positively 

or negatively, the course of disease.
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INTRODUCTION

Sepsis resulting from bacterial bloodstream infections remains a serious clinical concern 

and is currently defined as a “life-threatening organ dysfunction caused by a dysregulated 

immune response that occurs as the result of an infection” (1). The dysregulated immune 

response is evident by the initial hyperinflammatory response, driven by proinflammatory 

cytokines and chemokines (2). In the United States, sepsis rates have been continuously 

increasing over the last 20 years; hospitalizations due to sepsis have increased from 1.2% 

of all hospitalizations in 2005 to 2.7% in 2014 and up to 5.8% in 2017 with ~11 million 

sepsis-related deaths (3-5). Sepsis persists as a significant clinical burden, with the total cost 

of hospitalizations due to sepsis at $38 billion in 2017, up from $20 billion in 2011 (4, 6). 

Despite this increase in sepsis cases and costs, the mortality rate in the U.S. has dropped 

from 31.9% in 2005 to 17.1% in 2014 (3). This dramatic decrease in mortality from sepsis 

is likely a result of implementation of early goal-directed treatment, as broadly applicable 

drugs remain elusive (7). Increased readmission rates also likely contribute to increased total 

hospitalization numbers with reduced mortality but does highlight the potential of recurrent 

sepsis due to sepsis-induced immunosuppression (also referred to as immunoparalysis) (8). 

These trends may be, in part, due to expansion of definitions of sepsis and diagnosis criteria, 

as less severe cases are included in the classification of sepsis with improved recognition of 

disease (9). The cause of sepsis can vary widely between cases, in large part because the 

umbrella term “sepsis” includes a wide range of disease symptoms resulting from a variety 

of bacterial pathogens originating from different organs and tissues and affects patients 

spanning from very young to very old.

Sepsis occurring in adults is frequently attributed to the progression of an infection 

following surgical complications; however, translocating pathogens from tissue infections, 

such as appendicitis, pneumonia, or urinary tract infections can also serve as the nidus of 

sepsis. In a 2010 study of elective surgical cases in the U.S., 1.2% of patients developed 

sepsis after surgery (10). Similarly, surgery necessitated by trauma was found to be a major 

risk factor for disease among orthopedic patients, with 2% of trauma patients developing 

sepsis and 0.5% of non-trauma patients developing sepsis (11). The most common sepsis-

associated pathogens in adults include Gram-negative species Escherichia coli, Klebsiella 
pneumoniae, Pseudomonas aeruginosa, and Gram-positive species Staphylococcus aureus 
and S. epidermidis (12-14). Frequencies of Gram-negative versus Gram-positive bacteria as 

sepsis-causing agents vary between studies and locations, but rates are generally reported 

to be approximately equal. The strongest influence on the type of bacteria that causes 

sepsis is the site of initial infection, with Gram-negative infections being more likely with 

gut-originating sepsis (14). Infections in the lower respiratory tract can lead to sepsis and 

are among the most common nosocomial infections in intensive care units. The use of 

mechanical ventilation is considered a strong risk factor for development of infection in the 

lower respiratory tract that can lead to sepsis, and incidence rates of ventilator-associated 

pneumonia vary from 5 to 66% of ventilated patients, depending on the length of time 

mechanical ventilation is needed (15). The longer a patient requires the use of a ventilator, 

catheter, or IV, the higher their risk of developing infections in the related tissue (Table I).

Greenfield et al. Page 2

Immunohorizons. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sepsis occurring in neonates, or infants younger than 3 months, is classified as neonatal 

sepsis. Risk factors for neonatal sepsis include low gestational weight or young gestational 

age, with very-low-birth-weight infants (<1500 g) being most at risk for infections. Neonatal 

sepsis includes both early-onset sepsis (EOS), or bacteremia, and late-onset sepsis (LOS). 

Historically, the age of onset for EOS was defined as less than 72 h old, although this criteria 

is not a universally defined and may include 7 d old or less (16). Although this delineation 

is based on age of sepsis onset after delivery, it is also based on route of pathogen entry, 

with the assumption that EOS results from maternal pathogen transmission in utero or 

during the birthing process (17). Group B Streptococcus (GBS) and E. coli are among the 

most common pathogens transmitted via this route (18). Screening for GBS at 35–37 wk 

gestational age has been recommended since 2002 for this reason, with those identified to 

be at risk receiving intrapartum antimicrobial prophylaxis (19). Screening initiatives over the 

past decade have significantly reduced EOS by GBS (20), resulting in incidence of GBS 

EOS decreasing from 1.8 cases per 1000 live births in the early 1990s to 0.26 cases per 1000 

live births in 2010 (21). Despite the reduction in cases of EOS, LOS rates have been stable 

from 2006 to 2015 at 0.31 per 1000 live births (22). Acquisition of pathogens resulting 

in LOS occurs following birth and can range from contamination of skin-resident bacteria 

(such as S. epidermis) during clinical procedures to gut-resident bacteria (such as E. coli) 
translocating the intestinal lumen (23) (Table I).

Cytokine response to bacterial inflammation

Neonates and infants respond to pathogens very differently than adults, and neonatal 

sepsis is thus unique from adult sepsis. Classically, bacterial-induced inflammation includes 

the production of innate cytokine responses (e.g., IL-1β, IL-6, IL-12, and TNF-α). 

Characterization of the bloodstream response during sepsis at various ages revealed neonates 

clustered separately from adults, with older infants and children somewhere between, 

representing a spectrum of age-related responses and decreased TLR and iNOS signaling 

in neonates compared with other groups (24). Even within the scope of neonatal sepsis, 

a significant difference in cytokine responses has been noted between EOS and LOS, 

suggesting postnatal age may influence disease (25). Although both EOS and LOS patients 

had a significant increase in serum IL-6, LOS patients uniquely had an increase of anti-

inflammatory cytokines IL-10 and IL-4 (26) (Fig. 1).

IL-6 is classically defined as an innate inflammatory cytokine in response to bacterial 

threats. Concentrations of circulating IL-6 are consistently elevated during many acute 

conditions, such as in trauma due to injury, burns, or surgery, as well as during sepsis (27). 

The correlation between higher IL-6 levels and increased disease severity and mortality 

suggests it may be an effective marker for sepsis, particularly early in the course of 

disease, for cases without a positive blood culture (28, 29). Outside of sepsis, IL-6 has 

been implicated as a source of immunopathology in neonates in the setting of influenza 

(30), which suggests its potential to target in neonatal sepsis (28). IL-6 has also been 

established as a biomarker in both fetal inflammatory response syndrome or intra-amniotic 

inflammation during pregnancy (31-33), further demonstrating the role of IL-6 in infection-

associated inflammation in early life. This does not exclude adults from generating IL-6 

during bacteremia. Interestingly, cytokine storms following IL-6 initiation cluster uniquely 
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from TNF-a– and IL-12–initiated cytokine storms (34, 35). However, pervasive observations 

suggest IL-6 may perform immunosuppressive functions on dendritic cells and T cells 

(36-40), inhibiting further release of TNF-α and IL-1b, whereas increasing the circulation 

of anti-inflammatory mediators IL-1Rα, IL-10, and TGF-β (27). Indeed, the successful 

use of tocilizumab, an anti–IL-6 receptor mAb, in other inflammatory disorders supports 

the potential for its use in sepsis (41). In experimental sepsis models, injections of anti–

IL-6 mAb improve colonic barrier function after disturbances associated with sepsis (42). 

Anti–IL-6 mAb therapies may also contribute to the reduced expression of the complement 

receptor C5aR with beneficial effects (43). The complement cascade is innately activated 

during bacterial infections, but the complement products, including C5a, may contribute 

to ongoing inflammation (44, 45). Interestingly, the complement pathway in neonates, 

particularly premature infants, may be perturbed when compared with adults (46, 47), 

although the role of complement in neonatal sepsis has yet to be fully explored (48).

In contrast to the one-time belief that the neonatal immune system was characterized by 

immaturity and more innate-like cells, adaptive immune system components, including B 

cells and T cells that are abundant in the fetus and neonate, can produce and secrete 

cytokines and express markers of resident memory phenotypes (49). The composition of 

WBCs is generally similar between neonates and adults, although neonates do have a noted 

increase in immature neutrophils (50-52). Several neonatal immune cell types may directly 

regulate aberrant inflammation and promote tolerance (53). Traditionally, the neonatal 

immune system is biased toward a Th2 immune response, including regulatory and anti-

inflammatory responses, whereas adult immune responses favor Th1 effector phenotypes 

(54), and neonatal T cells exhibit higher production of IL-4, IFN-γ, and IL-2 following 

anti-CD3/CD28 activation compared with those of adults (55). Similarly, whereas both 

neonatal and adult PBMCs had increased IL-1β, IL-6, IL-8, CCL3, and TNF-α production 

following LPS stimulation, neonates showed a significant increase in IL-10, and only adults 

showed a significant increase in IL-12 (24), which is substantially reduced in neonates (56). 

During the course of neonatal sepsis, differences in cytokine release have been noted when 

comparing very preterm infants (<32 wk gestational age) to preterm infants (32–36 wk 

gestational age), with a strong spike in the innate cytokines TNF-α, IFN-γ, and IL-6 and 

anti-inflammatory cytokines IL-4 and IL-10 in preterm infants, which were absent in very 

preterm infants (57) (Fig. 1). This observation is comparable with the differences observed 

between EOS and LOS, with the LOS signature resembling the more robust cytokine 

response in the preterm infants (26), again suggesting postnatal age is a determining factor 

of immune response.

Although most studies focus on the classic proinflammatory cytokines IL-1β, IL-6, and 

TNF-α, the initial innate response in neonates likely includes other cytokines. Preclinical 

data suggest the involvement of IL-1α over IL-1β in determining lethality following cecal 

slurry sepsis (58). Another member of the IL-1 superfamily, IL-18, was noted to be 

significantly elevated in uninfected neonates, particularly very-low-birth-weight infants (59), 

and contributed to pathology during cecal slurry sepsis (60). The potential role of IL-18 

involves promoting the release of IFN-γ and TNF-α and activating IL-17A, which induces 

gut pathology and perpetuated bacteremia and induced mortality (60). Similarly, IL-27 was 

elevated in neonates, which may predispose them to severe sepsis, as IL-27 reduces the 
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innate immune function of macrophages and promotes an anti-inflammatory T cell response 

(61).

In addition to WBCs, RBCs may also contribute to immune regulation in neonates. CD71+ 

erythroid cells, a population of RBCs, can suppress inflammation resulting from bacterial 

threats such as E. coli (62). These cells may contribute to fetomaternal tolerance (63) and 

remain in circulation for the first few weeks following parturition (64). Despite the observed 

function of immunosuppression, the contribution of CD71+ erythroid cells to susceptibility 

of sepsis remains to be clearly defined (64, 65). Understanding these cytokines and the 

cell populations they act on during neonatal sepsis will be key to identifying potential 

therapeutic points in the future.

The progression of sepsis

The primary therapeutics for sepsis consist of broad spectrum antibiotics; however, more 

precise treatments are needed, particularly in cases with a negative blood culture, in 

which the causative agent is unknown, and to avoid escalating microbial resistance to 

currently available antibiotics (66). Efforts to strategically administer antibiotics and contain 

the spread of antibiotic-resistant bacteria have resulted in 18% fewer deaths in 2019 

compared with reports from 2013; yet, more than 35,000 people die each year due 

to antibiotic-resistant bacteria (17, 67). Additionally, increased exposure of antibiotics, 

particularly during early life, has its own drawbacks. Before GBS screening guidelines were 

implemented, 12% of newborns were exposed to antibiotics prior to birth and has since more 

than doubled to ~30% (68). Although antibiotic usage in early life can reduce occurrences of 

EOS, prolonged use of antibiotics in early neonates can increase the risk of LOS, necrotizing 

enterocolitis, and long-lasting disruption of the infant’s newly forming gut microbiome, in 

addition to potential development of antibiotic-resistant GBS (69, 70). The development of 

new therapeutic protocols to treat and potentially control the overwhelming inflammatory 

response and potentially ease pressure from increased antibiotic use and emergence of 

antibiotic-resistant bacteria has been a decades-long goal in the sepsis field.

Numerous trials have been conducted in adults, testing agents designed to temper sepsis 

hyperinflammation, although without much success, and the accumulating number of 

unsuccessful trials in neonates with sepsis has been equally disappointing (71, 72). Most 

therapeutics to treat neonatal sepsis have been those first vetted in adult sepsis, because of 

the protected status of neonates in clinical research. Drawing on the view that individualized 

immune responses need to be considered in adult sepsis cases (73), understanding the unique 

response in neonates may similarly advance the development of immunotherapy targeted to 

neonatal sepsis (29).

Recombinant human protein C became the first biologic therapeutic approved for severe 

sepsis and was met with controversy before it was removed from the market (74-76). In 

addition to failing replication in adult trials, it was unsuccessful in neonates, leading to 

increased hemorrhage and intracranial bleeding (77). Attempting to control overwhelming 

inflammation, many trials have used agents to directly block proinflammatory cytokines 

during the course of sepsis. Anti-TNF mAb therapy modestly decreased risk of mortality, 

but this decrease continues to be nonsignificant over decades of trials (78-81). Although it 
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has not been directly tested in neonatal sepsis, use of anti-TNF mAb around parturition 

suggests it may increase neonatal neutropenia (82), which could be detrimental in 

overcoming disease.

Ig therapy has been widely tested to improve systemic opsonization and neutralization of 

bacteria and bacterial products, but it has had only modest success in sepsis clinical trials. 

As of 2016, Ig therapy has not been recommended by the Surviving Sepsis Guideline panel 

(83), because of a low certainty in the modest reduction of mortality (84-86). Despite these 

findings, there is still hope that the modest reduction in mortality suggests i.v. Ig therapy, 

specifically IgM, may have promise as a therapeutic option for adult sepsis. There is a 

noticeable difference, however, in the efficacy of Ig therapy in neonatal sepsis. Rather than 

displaying a modest reduction in mortality, clinical trials using Ig therapy in septic neonates 

had no effect on outcomes (87, 88). Ig therapy is thought to assist phagocytes in clearing 

the inflammatory bacterial products from circulation, but perhaps the variance in outcomes 

indicates phagocytes themselves are responding differently between neonates and adults.

CSFs, such as G-CSF and GM-CSF, have been tested as therapeutics to increase neutrophil 

and macrophage numbers to improve bacterial clearance during the course of sepsis. 

Similar to the aforementioned therapeutics, treatment with CSFs only led to modest 

improvement in recovery in clinical trials in adults (89), especially in those patients with 

sepsis-associated immunosuppression (90), although there is still caution around their role 

in sepsis treatment (91). In stark contrast, no effect has been seen in clinical trials of 

neonates after G-CSF administration (92) or even infants with neutropenia (93). Although 

CSFs can delay apoptosis and improve function of adult neutrophils, in vitro studies found 

neonatal neutrophils may be more sensitive to apoptosis and were unresponsive to CSFs 

(94). Additionally, inhibition of necroptosis improved survival in an animal model of 

neonatal sepsis (95), and neonatal neutrophils and myeloid cells displayed reduced capacity 

to migrate and produce cytokines in response to bacterial stimuli (96, 97). Thus, increased 

sensitivity to apoptosis or necroptosis may explain why neonates are extremely susceptible 

to neutropenia (98).

The limited (at best) success of these trials has led to a new theme arising in the field 

of sepsis to understand long-term sepsis-induced alterations to the immune system and 

how these may contribute to recurring sepsis and recovery (99). Proinflammatory signals 

dominate the response at the onset of sepsis, but excessive production of both pro- and 

anti-inflammatory cytokines and chemokines partially overlap during the initial stage of 

sepsis (2), resulting in a considerable amount of indecision on what immunotherapy in 

sepsis would entail (100). Following acute hyperinflammation, the immune system seems 

to overcompensate and exhibits dramatic quantitative and qualitative alterations in multiple 

immune cell populations. In particular, there is significant lymphopenia, or reduction in 

number of circulating lymphocytes, occurring primarily via apoptotic death and, potentially, 

a consequence of the massive immune response. Lymphopenia can contribute to an 

immuno-suppressed state, initial impairment in immunity to the sepsis-initiating infection, 

secondary nosocomial infections, and latent virus reactivation (101-108). Surviving patients 

recover from the sepsis-induced lymphopenia, but go on to display a prolonged state of 

immunoparalysis that extends the window of time in which they are highly susceptible to 
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new infection, even from pathogens that are efficiently eliminated in healthy individuals 

(109-113). Consequently, there is considerable clinical interest in testing agents to help 

the immune system of sepsis survivors to functionally (as well as numerically) recover as 

quickly as possible. For example, cytokines that promote T cell proliferation (such as IL-7) 

or mAb-targeting proteins that stimulate or inhibit T cell function (such as anti-OX40 and 

PD-1/PD-L1) have shown promising results in preclinical models and clinical settings in 

adult sepsis patients (114-119). It is unclear whether these immunomodulatory approaches 

would also work in septic neonates, as no clinical studies have been performed to date. 

Although lymphopenia has been noted in neonates (120, 121), it remains unclear how it may 

contribute to sepsis outcomes, particularly as preterm infants may be lymphopenic compared 

with term infants (122). IL-7 may restore T cell function equivalently (or even better) in 

neonates, especially because IL-7 can stimulate circulating T cells to proliferate and promote 

T cell development in the thymus (123), which is potentially high in neonates. In contrast, 

mAb specific for OX40 or PD-1, for example, may only have limited activity in the neonate 

because the T cell compartment has had only a limited amount of time to develop. Much like 

the case for immune-based therapeutics in cancer patients, which show unique responses 

in individuals, it has been difficult to predict the best immunotherapy for individual sepsis 

patients or whether these approaches will restore the immune system to the presepsis state.

Animal models, what we have learned, and what still is left to learn

Preclinical experimental models of sepsis have been widely used to connect immune events 

from bacterial sensing to systemic inflammation involved in clinical outcomes. However, 

the clinical relevance of some of the most commonly used preclinical sepsis models has 

become a major discussion point in recent years, in part because of the variability in 

how some of the models are used from one laboratory to the next and because of limited 

adoption of the treatment methods used in the clinic. Cecal ligation and puncture (CLP) 

is a well-described animal experimental model in which the cecum is punctured, allowing 

release of fecal matter into the body and initiating a strong immune response and subsequent 

immune suppression. Although CLP has been used by many laboratories to mechanistically 

define sepsis-induced immunopathology, there is some disagreement about the extent to 

which CLP mimics the course of sepsis in humans or whether it is instead a model of 

surgical negligence marked by the formation of an intra-abdominal abscess (124). Because 

of the nature of the surgical procedure and dependency of CLP on gut microbiota to initiate 

the peritonitis, this model has been exclusively used in adult, albeit immunologically naive, 

mice. Prior to weaning, the limited microbiota and small size of the cecum makes CLP 

unviable in mouse pups, in which the polymicrobial cecal slurry model of sepsis or injection 

of cecal contents can be used as an alternative (125).

LPS endotoxemia has been used for many years to model the inflammation that occurs 

during systemic infection. Mice are considerably more resistant to bacterial endotoxins 

than humans (126), so infection with defined live bacteria has also been used to model 

sepsis to control the diversity and number of pathogens to which the animal is exposed. 

Both the LPS endotoxemia and live bacterial infection sepsis models have been adapted for 

use in neonatal and adult mice, revealing unique differences in the response and outcome. 

For example, neonatal mice are more susceptible to mortality following LPS injection 
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because of an increased innate response that includes significantly increased TNF-α and 

IL-6 production (127). The exaggerated systemic inflammation following LPS injection in 

neonates also results in immunopathology to the CNS, potentially connecting the long-term 

clinical sepsis outcome of neurologic disorders to the systemic inflammation during neonatal 

sepsis (128). Intriguingly, transfer of adult T cells into the neonatal mice is sufficient 

to suppress this strong inflammatory response, suggesting the age of the immune system 

may affect the immune response (127). Similarly, adult Rag−/− mice are more sensitive 

to polymicrobial sepsis, and mortality rates are similar to both neonatal wild-type and 

neonatal Rag−/− mice, providing further evidence of the potential role of components of the 

adaptive immune system in surviving sepsis (129). In contrast to the increased inflammation 

following LPS injection (127), neonates produce a subdued innate response following cecal 

slurry injection, which includes reduced IL-6 and TNF-α production. This response was 

increased during sepsis if neonates were pretreated with TLR agonists (such as LPS), which 

increased neutrophil recruitment (129). TLR agonist pretreatment also improved migration 

and cytokine secretion by neutrophils from term infants, although neutrophils from preterm 

infants only showed a modest improvement (97). Neutrophil dysfunction during cecal 

slurry-induced sepsis was noted in both neonatal and aged mice. Although neonates showed 

reduced neutrophil recruitment, reactive oxygen species production, and transcriptional 

changes during the course of sepsis, aged mice suffered from persistent inflammation, 

highlighting the potential differences in the immune response of the two age extremes 

(130) (Fig. 1). In work that implicated PD-1 on B cells rather than T cells, neutrophil 

recruitment and function during cecal slurry-induced sepsis was also improved in neonatal 

Pd1−/− pups (131). Therefore, it remains unclear whether the differences in the neonatal 

immune response results in reduced innate inflammation unable to control bacteremia or 

overwhelming innate inflammation that requires suppression. Potentially, these variances 

could result from the inherent difference between LPS injection and cecal slurry sepsis, 

as the former would only activate the TLR4 pathway, whereas the latter may activate a 

variety of innate bacterial-sensing pathways in addition to TLR4. Although no significant 

differences have been found in TLR4 expression on innate leukocytes between neonates 

and adults, TLR2 was slightly decreased in neonates and through neonatal sepsis (132, 

133). Additionally, signaling downstream of TLRs and the resulting cytokine production are 

suppressed in neonates (134-136). Specifically, neonatal monocytes had reduced phagocytic 

ability, oxidative burst, and pathogen clearance compared with monocytes from adults, 

which was further reduced in preterm infants (133, 137).

One caveat of the LPS, cecal slurry, or CLP models of sepsis is the rapid binary response 

of the animal, with the potential for death or recovery to occur within hours, underscoring 

the importance of models that recapitulate the intermediate stage (138). Models that use 

clinical pathogens and relevant routes of entry may allow for the extended examination 

of how the immune system responds to bacterial threats (139). To specifically explore the 

gut-originating routes of neonatal sepsis, disruption of the microbiota by oral antibiotics 

worsened sepsis in neonatal mice gavaged with K. pneumoniae (140). Similarly, disruption 

of specific factors in maternal milk during breastfeeding worsened sepsis following enteric 

E. coli translocation (141). These models have important implications for understanding the 

role of diet and microbiota in early life in protection from gut-originating pathogens. Indeed, 
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randomized administration of probiotics reduced LOS in a clinical trial, and an oral route 

of pathogen entry resulted in increased infectivity in an animal model of LOS (142, 143). 

These later observations suggest the intestinal microbiota may influence the infectivity of 

the bacteria, but clearly, the contributions of the microbiota in influencing the host and the 

bacteria must be considered.

Dysbiosis of the gut microbiota while the patient remains in the hospital environment can 

increase risk for dissemination of bacteria through the body through noninfectious acute 

injuries, antibiotic usage, or acute illnesses, such as influenza (144), which can harbor 

or encourage the growth of opportunistic pathogens. There is a wealth of information 

demonstrating how the composition of the gut microbiome can influence systemic immunity, 

so it is quite possible that the combination of immune system maturation and gut 

microbiome changes can together define the way the immune system responds during a 

septic event. Nearly all investigators use mice housed under specific pathogen–free (SPF) 

conditions, which helps to improve experimental reproducibility (among other things) (145). 

The immune system in SPF mice, however, is highly naive and more closely resembles the 

immune system of a human neonate (146). As a way to incorporate this important aspect of 

human biology into preclinical modeling, a number of investigators have recently developed 

models in which the murine immune system becomes matured (resembling what is seen in 

adult humans) after exposure to environmental microbes or a defined panel of pathogens 

(147). Similarly, cohousing SPF laboratory mice with mice purchased from local pet stores 

permits the transmission of various mouse pathogens and commensals to the laboratory 

mice, resulting in a more diverse gut microbiota (148) and subsequent maturation of the 

host immune system (146, 148). Interestingly, these “dirty” mice show increased cytokine 

responses and mortality after CLP, cecal slurry injection, or LPS challenge compared with 

SPF mice. Microbial exposure was associated with changes in TLR expression, particularly 

on phagocytes, suggesting the lack of complexity in the microbial environment of SPF-

housed mice may not allow for rigorous modeling of the human response to bacterial threats. 

One potential benefit of having microbially experienced mice in the preclinical experimental 

sepsis toolbox may be the additional level in which new therapies may be tested prior 

to moving into clinical trials, as recent data highlighted the ability of “wildling” mice to 

better replicate the outcomes of immunotherapeutics tested clinically (149). The feasibility 

of using neonatal mice born from dirty parents in sepsis research remains to be determined, 

but it is tempting to speculate how such mice could advance the neonatal sepsis knowledge 

base.

CONCLUSIONS

Although antibiotics will remain the primary treatment for bacterial-induced sepsis for years 

to come, the rise of resistance in microbes coupled with the need to assess long-term 

care for patients that survive sepsis makes understanding the initiation and resolution of 

inflammation a priority. Additionally, appreciation of how sepsis presents and the immune 

system’s subsequent response at various stages of life will offer unique guidance and 

potential therapeutics specific to each age. As described above, disparities in how the 

immune system initiates, orchestrates, and resolves inflammation results in a variety of 

outcomes following sepsis. Although preclinical experimental models have defined these 
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cytokine/chemokine cascades as potential biomarkers, future work must address which 

cascade points are beneficial to resolving infections and which are deleterious in driving 

excessive inflammation, appreciating that these points may be unique to type, dose, and 

route of pathogens that evoke sepsis, genetic background, and status of the immune system 

of septic hosts.

Acknowledgments

This work was supported by the National Institutes of Health: National Institute of Diabetes and Digestive and 
Kidney Diseases DK109006 (to K.A.K.), National Institute of Allergy and Infectious Diseases AI144721 (to 
K.A.K.), National Institute of Diabetes and Digestive and Kidney Diseases DK122187 (to K.A.K.), National 
Institute of Diabetes and Digestive and Kidney Diseases AI114543 (to V.P.B.), National Institute of General 
Medical Sciences GM134880 (to V.P.B.), National Institute of General Medical Sciences GM115462 (to T.S.G.), 
National Institute of General Medical Sciences GM140881 (to T.S.G.), and Veterans Health Administration Merit 
Review Award I01BX001324 (to T.S.G.)

Abbreviations used in this article:

CLP cecal ligation and puncture

EOS early-onset sepsis

GBS group B Streptococcus

LOS late-onset sepsis

SPF specific pathogen–free

REFERENCES

1. Shankar-Hari M, Phillips GS, Levy ML, Seymour CW, Liu VX, Deutschman CS, Angus DC, 
Rubenfeld GD, and Singer M; Sepsis Definitions Task Force. 2016. Developing a new definition 
and assessing new clinical criteria for septic shock: for the Third International Consensus 
Definitions for sepsis and septic shock (sepsis-3). JAMA 315: 775–787. [PubMed: 26903336] 

2. van der Poll T, van de Veerdonk FL, Scicluna BP, and Netea MG. 2017. The immunopathology of 
sepsis and potential therapeutic targets. Nat. Rev. Immunol 17: 407–420. [PubMed: 28436424] 

3. Rubens M, Saxena A, Ramamoorthy V, Das S, Khera R, Hong J, Armaignac D, Veledar E, Nasir 
K, and Gidel L. 2020. Increasing sepsis rates in the United States: results from National Inpatient 
Sample, 2005 to 2014. J. Intensive Care Med 35: 858–868. [PubMed: 30175649] 

4. Liang L, Moore B, and Soni A. 2020. National inpatient hospital costs: the most expensive 
conditions by payer, 2017: HCUP statistical brief #261. In In Healthcare Cost and Utilization 
Project (HCUP) Statistical Briefs [Internet]. Rockville, MD: Agency for Healthcare Research and 
Quality (US). PMID: 32833416

5. Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR, Colombara DV, Ikuta 
KS, Kissoon N, Finfer S, et al. 2020. Global, regional, and national sepsis incidence and mortality, 
1990-2017: analysis for the Global Burden of Disease Study. Lancet 395: 200–211. [PubMed: 
31954465] 

6. Pfuntner A, Wier LM, and Stocks C. 2013. Most frequent conditions in U.S. hospitals, 2010: 
statistical brief #148. In Healthcare Cost and Utilization Project (HCUP) Statistical Briefs [Internet]. 
Rockville, MD: Agency for Healthcare Research and Quality (US). PMID: 23534077

7. Luhr R, Cao Y, Söderquist B, and Cajander S. 2019. Trends in sepsis mortality over time in 
randomised sepsis trials: a systematic literature review and meta-analysis of mortality in the control 
arm, 2002-2016. Crit. Care 23: 241. [PubMed: 31269976] 

Greenfield et al. Page 10

Immunohorizons. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



8. Goodwin AJ, Rice DA, Simpson KN, and Ford DW. 2015. Frequency, cost, and risk factors of 
readmissions among severe sepsis survivors. Crit. Care Med 43: 738–746. [PubMed: 25746745] 

9. Rhee C, and Klompas M. 2020. Sepsis trends: increasing incidence and decreasing mortality, or 
changing denominator? J. Thorac. Dis 12(Suppl): S89–S100. [PubMed: 32148931] 

10. Vogel TR, Dombrovskiy VY, Carson JL, Graham AM, and Lowry SF. 2010. Postoperative sepsis in 
the United States. Ann. Surg 252: 1065–1071. [PubMed: 20571363] 

11. Lakomkin N, Sathiyakumar V, Wick B, Shen MS, Jahangir AA, Mir H, Obremskey WT, Dodd AC, 
and Sethi MK. 2017. Incidence and predictive risk factors of postoperative sepsis in orthopedic 
trauma patients. J. Orthop. Traumatol 18: 151–158. [PubMed: 27848054] 

12. Dolin HH, Papadimos TJ, Chen X, and Pan ZK. 2019. Characterization of pathogenic sepsis 
etiologies and patient profiles: a novel approach to triage and treatment. Microbiol. Insights 12: 
1178636118825081. [PubMed: 30728724] 

13. Vincent J-L, Rello J, Marshall J, Silva E, Anzueto A, Martin CD, Moreno R, Lipman J, Gomersall 
C, Sakr Y, and Reinhart K; EPIC II Group of Investigators. 2009. International study of the 
prevalence and outcomes of infection in intensive care units. JAMA 302: 2323–2329. [PubMed: 
19952319] 

14. Umemura Y, Ogura H, Takuma K, Fujishima S, Abe T, Kushimoto S, Hifumi T, Hagiwara 
A, Shiraishi A, Otomo Y, et al. ; Japanese Association for Acute Medicine (JAAM) Focused 
Outcomes Research in Emergency Care in Acute Respiratory Distress Syndrome Sepsis and 
Trauma (FORECAST) Study Group. 2021. Current spectrum of causative pathogens in sepsis: 
A prospective nationwide cohort study in Japan. Int. J. Infect. Dis 103: 343–351. [PubMed: 
33221519] 

15. Soussan R, Schimpf C, Pilmis B, Degroote T, Tran M, Bruel C, and Philippart F; RESIST Study 
Group. 2019. Ventilator-associated pneumonia: The central role of transcolonization. J. Crit. Care 
50: 155–161. [PubMed: 30551046] 

16. Cortese F, Scicchitano P, Gesualdo M, Filaninno A, De Giorgi E, Schettini F, Laforgia N, and 
Ciccone MM. 2016. Early and late infections in newborns: where do we stand? A review. Pediatr. 
Neonatol 57: 265–273. [PubMed: 26750406] 

17. Schuchat A, Zywicki SS, Dinsmoor MJ, Mercer B, Romaguera J, O’Sullivan MJ, Patel D, Peters 
MT, Stoll B, and Levine OS. 2000. Risk factors and opportunities for prevention of early-onset 
neonatal sepsis: a multicenter case-control study. Pediatrics 105: 21–26. [PubMed: 10617699] 

18. Stoll BJ, Hansen NI, Sánchez PJ, Faix RG, Poindexter BB, Van Meurs KP, Bizzarro MJ, Goldberg 
RN, Frantz III ID, Hale EC, et al. ; Eunice Kennedy Shriver National Institute of Child Health 
and Human Development Neonatal Research Network. 2011. Early onset neonatal sepsis: the 
burden of group B streptococcal and E. coli disease continues. Pediatrics 127: 817–826. [PubMed: 
21518717] 

19. Stoll BJ 2016. Early-onset neonatal sepsis: a continuing problem in need of novel prevention 
strategies. Pediatrics 138: e20163038. [PubMed: 27940736] 

20. Schrag SJ, Farley MM, Petit S, Reingold A, Weston EJ, Pondo T, Hudson Jain J, and Lynfield 
R. 2016. Epidemiology of invasive early-onset neonatal sepsis, 2005 to 2014. Pediatrics 138: 
e20162013. [PubMed: 27940705] 

21. Schrag SJ, and Verani JR. 2013. Intrapartum antibiotic prophylaxis for the prevention of perinatal 
group B streptococcal disease: experience in the United States and implications for a potential 
group B streptococcal vaccine. Vaccine 31(Suppl 4): D20–D26. [PubMed: 23219695] 

22. Nanduri SA, Petit S, Smelser C, Apostol M, Alden NB, Harrison LH, Lynfield R, Vagnone PS, 
Burzlaff K, Spina NL, et al. 2019. Epidemiology of invasive early-onset and late-onset group 
B streptococcal disease in the United States, 2006 to 2015: multistate laboratory and population-
based surveillance. JAMA Pediatr. 173: 224–233. [PubMed: 30640366] 

23. Sekirov I, Tam NM, Jogova M, Robertson ML, Li Y, Lupp C, and Finlay BB. 2008. Antibiotic-
induced perturbations of the intestinal microbiota alter host susceptibility to enteric infection. 
Infect. Immun 76: 4726–4736. [PubMed: 18678663] 

24. Raymond SL, López MC, Baker HV, Larson SD, Efron PA, Sweeney TE, Khatri P, Moldawer 
LL, and Wynn JL. 2017. Unique transcriptomic response to sepsis is observed among patients of 
different age groups. PLoS One 12: e0184159. [PubMed: 28886074] 

Greenfield et al. Page 11

Immunohorizons. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Wynn JL, Guthrie SO, Wong HR, Lahni P, Ungaro R, Lopez MC, Baker HV, and Moldawer LL. 
2015. Postnatal Age Is a Critical Determinant of the Neonatal Host Response to Sepsis. Mol. Med 
21: 496–504. [PubMed: 26052715] 

26. Khaertynov KS, Boichuk SV, Khaiboullina SF, Anokhin VA, Andreeva AA, Lombardi VC, 
Satrutdinov MA, Agafonova EA, and Rizvanov AA. 2017. Comparative assessment of cytokine 
pattern in early and late onset of neonatal sepsis. J. Immunol. Res 2017: 8601063. [PubMed: 
28367457] 

27. Schulte W, Bernhagen J, and Bucala R. 2013. Cytokines in sepsis: potent immunoregulators 
and potential therapeutic targets--an updated view. Mediators Inflamm. 2013: 165974. [PubMed: 
23853427] 

28. Mirzarahimi M, Barak M, Eslami A, and Enteshari-Moghaddam A. 2017. The role of interleukin-6 
in the early diagnosis of sepsis in premature infants. Pediatr. Rep 9: 7305. [PubMed: 29081936] 

29. Machado JR, Soave DF, da Silva MV, de Menezes LB, Etchebehere RM, Monteiro ML, dos Reis 
MA, Corrêa RR, and Celes MR. 2014. Neonatal sepsis and inflammatory mediators. Mediators 
Inflamm. 2014: 269681. [PubMed: 25614712] 

30. Coates BM, Staricha KL, Wiese KM, and Ridge KM. 2015. Influenza A virus infection, innate 
immunity, and childhood. JAMA Pediatr. 169: 956–963. [PubMed: 26237589] 

31. Yoon BH, Romero R, Park JS, Kim M, Oh S-Y, Kim CJ, and Jun JK. 2000. The relationship 
among inflammatory lesions of the umbilical cord (funisitis), umbilical cord plasma interleukin 
6 concentration, amniotic fluid infection, and neonatal sepsis. Am. J. Obstet. Gynecol 183: 1124–
1129. [PubMed: 11084553] 

32. Romero R, Chaemsaithong P, Chaiyasit N, Docheva N, Dong Z, Kim CJ, Kim YM, Kim J-S, 
Qureshi F, Jacques SM, et al. 2017. CXCL10 and IL-6: markers of two different forms of 
intra-amniotic inflammation in preterm labor. Am. J. Reprod. Immunol 78: e12685.

33. Vaisbuch E, Romero R, Gomez R, Kusanovic JP, Mazaki-Tovi S, Chaiworapongsa T, and Hassan 
SS. 2011. An elevated fetal interleukin-6 concentration can be observed in fetuses with anemia 
due to Rh alloimmunization: implications for the understanding of the fetal inflammatory response 
syndrome. J. Matern. Fetal Neonatal Med 24: 391–396. [PubMed: 20701435] 

34. Yiu HH, Graham AL, and Stengel RF. 2012. Dynamics of a cytokine storm. PLoS One 7: e45027. 
[PubMed: 23049677] 

35. Chousterman BG, Swirski FK, and Weber GF. 2017. Cytokine storm and sepsis disease 
pathogenesis. Semin. Immunopathol 39: 517–528. [PubMed: 28555385] 

36. Hegde S, Pahne J, and Smola-Hess S. 2004. Novel immunosuppressive properties of interleukin-6 
in dendritic cells: inhibition of NF-kappaB binding activity and CCR7 expression. FASEB J. 18: 
1439–1441. [PubMed: 15247147] 

37. Okada M, Kitahara M, Kishimoto S, Matsuda T, Hirano T, and Kishimoto T. 1988. IL-6/BSF-2 
functions as a killer helper factor in the in vitro induction of cytotoxic T cells. J. Immunol 141: 
1543–1549. [PubMed: 3261754] 

38. Dienz O, and Rincon M. 2009. The effects of IL-6 on CD4 T cell responses. Clin. Immunol 130: 
27–33. [PubMed: 18845487] 

39. Atsumi T, Sato M, Kamimura D, Moroi A, Iwakura Y, Betz UAK, Yoshimura A, Nishihara M, 
Hirano T, and Murakami M. 2009. IFN-γ expression in CD8+ T cells regulated by IL-6 signal 
is involved in superantigen-mediated CD4+ T cell death. Int. Immunol 21: 73–80. [PubMed: 
19050105] 

40. Scheller J, Chalaris A, Schmidt-Arras D, and Rose-John S. 2011. The pro- and anti-inflammatory 
properties of the cytokine interleukin-6. Biochim. Biophys. Acta 1813: 878–888. [PubMed: 
21296109] 

41. Tanaka T, Narazaki M, and Kishimoto T. 2018. Interleukin (IL-6) immunotherapy. Cold Spring 
Harb. Perspect. in Biol 10: a028456 [PubMed: 28778870] 

42. Nullens S, Staessens M, Peleman C, Plaeke P, Malhotra-Kumar S, Francque S, De Man JG, and De 
Winter BY. 2016. Beneficial effects of anti-interleukin-6 antibodies on impaired gastrointestinal 
motility, inflammation and increased colonic permeability in a murine model of sepsis are 
most pronounced when administered in a preventive setup. PLoS One 11: e0152914. [PubMed: 
27044016] 

Greenfield et al. Page 12

Immunohorizons. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



43. Riedemann NC, Neff TA, Guo R-F, Bernacki KD, Laudes IJ, Sarma JV, Lambris JD, and Ward PA. 
2003. Protective effects of IL-6 blockade in sepsis are linked to reduced C5a receptor expression. 
J. Immunol 170: 503–507. [PubMed: 12496437] 

44. Ward PA 2010. The harmful role of c5a on innate immunity in sepsis. J. Innate Immun 2: 439–445. 
[PubMed: 20588003] 

45. Mollnes TE, and Huber-Lang M. 2020. Complement in sepsis-when science meets clinics. FEBS 
Lett. 594: 2621–2632. [PubMed: 32621378] 

46. Pataky R, Howie FA, Girardi G, and Boardman JP. 2017. Complement C5a is present in CSF of 
human newborns and is elevated in association with preterm birth. J. Matern. Fetal Neonatal Med 
30: 2413–2416. [PubMed: 27806664] 

47. Grumach AS, Ceccon ME, Rutz R, Fertig A, and Kirschfink M. 2014. Complement profile in 
neonates of different gestational ages. Scand. J. Immunol 79: 276–281. [PubMed: 24460650] 

48. Wynn JL, and Wong HR. 2010. Pathophysiology and treatment of septic shock in neonates. Clin. 
Perinatol 37: 439–479. [PubMed: 20569817] 

49. Stras SF, Werner L, Toothaker JM, Olaloye OO, Oldham AL, McCourt CC, Lee YN, Rechavi E, 
Shouval DS, and Konnikova L. 2019. Maturation of the human intestinal immune system occurs 
early in fetal development. Dev. Cell 51: 357–373.e5. [PubMed: 31607651] 

50. Ruef P, Böhler T, and Linderkamp O. 1991. Deformability and volume of neonatal and adult 
leukocytes. Pediatr. Res 29: 128–132. [PubMed: 2014148] 

51. Prabhu SB, Rathore DK, Nair D, Chaudhary A, Raza S, Kanodia P, Sopory S, George A, Rath S, 
Bal V, et al. 2016. Comparison of human neonatal and adult blood leukocyte subset composition 
phenotypes. PLoS One 11: e0162242. [PubMed: 27610624] 

52. Oski FA, and Naiman JL. 1982. Hematologic problems in the newborn. Third edition. Major Probl. 
Clin. Pediatr 4: 1–360. [PubMed: 6182425] 

53. Basha S, Surendran N, and Pichichero M. 2014. Immune responses in neonates. Expert Rev. Clin. 
Immunol 10: 1171–1184. [PubMed: 25088080] 

54. Adkins B 2003. Peripheral CD4+ lymphocytes derived from fetal versus adult thymic precursors 
differ phenotypically and functionally. J. Immunol 171: 5157–5164. [PubMed: 14607915] 

55. Opiela SJ, Koru-Sengul T, and Adkins B. 2009. Murine neonatal recent thymic emigrants are 
phenotypically and functionally distinct from adult recent thymic emigrants. Blood 113: 5635–
5643. [PubMed: 19168791] 

56. Metzger DW 2010. Interleukin-12 as an adjuvant for induction of protective antibody responses. 
Cytokine 52: 102–107. [PubMed: 20650650] 

57. Segura-Cervantes E, Mancilla-Ramírez J, González-Canudas J, Alba E, Santillán-Ballesteros R, 
Morales-Barquet D, Sandoval-Plata G, and Galindo-Sevilla N. 2016. Inflammatory response in 
preterm and very preterm newborns with sepsis. Mediators Inflamm. 2016: 6740827. [PubMed: 
27293317] 

58. Benjamin JT, Moore DJ, Bennett C, van der Meer R, Royce A, Loveland R, and Wynn JL. 
2018. Cutting edge: Il-1α and not Il-1β drives Il-1r1-dependent neonatal murine sepsis lethality. J. 
Immunol 201: 2873–2878. [PubMed: 30305325] 

59. Maheshwari A, Schelonka RL, Dimmitt RA, Carlo WA, Munoz-Hernandez B, Das A, McDonald 
SA, Thorsen P, Skogstrand K, Hougaard DM, and Higgins RD; Eunice Kennedy Shriver National 
Institute of Child Health and Human Development Neonatal Research Network. 2014. Cytokines 
associated with necrotizing enterocolitis in extremely-low-birth-weight infants. Pediatr. Res 76: 
100–108. [PubMed: 24732104] 

60. Wynn JL, Wilson CS, Hawiger J, Scumpia PO, Marshall AF, Liu J-H, Zharkikh I, Wong HR, 
Lahni P, Benjamin JT, et al. 2016. Targeting IL-17A attenuates neonatal sepsis mortality induced 
by IL-18. Proc. Natl. Acad. Sci. USA 113: E2627–E2635. [PubMed: 27114524] 

61. Seman BG, Vance JK, Rawson TW, Witt MR, Huckaby AB, Povroznik JM, Bradford SD, Barbier 
M, and Robinson CM. 2020. Elevated levels of interleukin-27 in early life compromise protective 
immunity in a mouse model of Gram-negative neonatal sepsis. Infect. Immun 88: e00828–19. 
[PubMed: 31818960] 

Greenfield et al. Page 13

Immunohorizons. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



62. Elahi S, Ertelt JM, Kinder JM, Jiang TT, Zhang X, Xin L, Chaturvedi V, Strong BS, Qualls JE, 
Steinbrecher KA, et al. 2013. Immunosuppressive CD71+ erythroid cells compromise neonatal 
host defence against infection. Nature 504: 158–162. [PubMed: 24196717] 

63. Delyea C, Bozorgmehr N, Koleva P, Dunsmore G, Shahbaz S, Huang V, and Elahi S. 2018. 
CD71+ erythroid suppressor cells promote fetomaternal tolerance through arginase-2 and PDL-1. 
J. Immunol 200: 4044–4058 [PubMed: 29735482] 

64. Elahi S, Vega-López MA, Herman-Miguel V, Ramírez-Estudillo C, Mancilla-Ramírez J, Motyka 
B, West L, and Oyegbami O. 2020. CD71+ erythroid cells in human neonates exhibit 
immunosuppressive properties and compromise immune response against systemic infection in 
neonatal mice. Front. Immunol 11: 597433. [PubMed: 33329589] 

65. Wynn JL, Scumpia PO, Stocks BT, Romano-Keeler J, Alrifai MW, Liu J-H, Kim AS, Alford CE, 
Matta P, Weitkamp J-H, and Moore DJ. 2015. Neonatal CD71+ erythroid cells do not modify 
murine sepsis mortality. J. Immunol 195: 1064–1070. [PubMed: 26101326] 

66. Textoris J, Wiramus S, Martin C, and Leone M. 2011. Overview of antimicrobial therapy in 
intensive care units. Expert Rev. Anti Infect. Ther 9: 97–109. [PubMed: 21171881] 

67. CDC. 2019. Antibiotic resistance threats in the United States, 2019. Atlanta, GA: U.S. Department 
of Health and Human Services, CDC

68. Puopolo KM, Lynfield R, Cummings JJ; Committee on Fetus and Newborn Committee on 
Infectious Diseases. 2019. Management of infants at risk for group B streptococcal disease. 
Pediatrics 144: e20191881. [PubMed: 31285392] 

69. Langdon A, Crook N, and Dantas G. 2016. The effects of antibiotics on the microbiome 
throughout development and alternative approaches for therapeutic modulation. Genome Med. 
8: 39. [PubMed: 27074706] 

70. Uzan-Yulzari A, Turta O, Belogolovski A, Ziv O, Kunz C, Perschbacher S, Neuman H, Pasolli 
E, Oz A, Ben-Amram H, et al. 2021. Neonatal antibiotic exposure impairs child growth during 
the first six years of life by perturbing intestinal microbial colonization. Nat. Commun 12: 443. 
[PubMed: 33500411] 

71. Du Pont-Thibodeau G, Joyal J-S, and Lacroix J. 2014. Management of neonatal sepsis in term 
newborns. F1000Prime Rep. 6: 67. [PubMed: 25165566] 

72. Li Y, Yang S, Wang G, Liu M, Zhang Z, Liu H, Yu K, and Wang C. 2019. Effects of 
immunotherapy on mortality in neonates with suspected or proven sepsis: a systematic review 
and network meta-analysis. BMC Pediatr. 19: 270. [PubMed: 31383021] 

73. Boomer JS, Green JM, and Hotchkiss RS. 2014. The changing immune system in sepsis: is 
individualized immuno-modulatory therapy the answer? Virulence 5: 45–56. [PubMed: 24067565] 

74. Bernard GR, Vincent J-L, Laterre P-F, LaRosa SP, Dhainaut J-F, Lopez-Rodriguez A, Steingrub JS, 
Garber GE, Helterbrand JD, Ely EW, and Fisher CJ Jr.; Recombinant human protein C Worldwide 
Evaluation in Severe Sepsis (PROWESS) study group. 2001. Efficacy and safety of recombinant 
human activated protein C for severe sepsis. N. Engl. J. Med 344: 699–709. [PubMed: 11236773] 

75. Ranieri VM, Thompson BT, Barie PS, Dhainaut J-F, Douglas IS, Finfer S, Gårdlund B, Marshall 
JC, Rhodes A, Artigas A, et al. PROWESS-SHOCK Study Group. 2012. Drotrecogin alfa 
(activated) in adults with septic shock. N. Engl. J. Med 366: 2055–2064. [PubMed: 22616830] 

76. Lai PS, and Thompson BT. 2013. Why activated protein C was not successful in severe sepsis 
and septic shock: are we still tilting at windmills? Curr. Infect. Dis. Rep 15: 407–412. [PubMed: 
23925482] 

77. Nadel S, Goldstein B, Williams MD, Dalton H, Peters M, Macias WL, Abd-Allah SA, Levy 
H, Angle R, Wang D, et al. REsearching severe Sepsis and Organ dysfunction in children: a 
gLobal perspective (RESOLVE) study group. 2007. Drotrecogin alfa (activated) in children with 
severe sepsis: a multicentre phase III randomised controlled trial. Lancet 369: 836–843. [PubMed: 
17350452] 

78. Abraham E, Wunderink R, Silverman H, Perl TM, Nasraway S, Levy H, Bone R, Wenzel RP, Balk 
R, Allred R, et al. 1995. Efficacy and safety of monoclonal antibody to human tumor necrosis 
factor α in patients with sepsis syndrome. A randomized, controlled, double-blind, multicenter 
clinical trial. TNF-α MAb Sepsis Study Group. JAMA 273: 934–941. [PubMed: 7884952] 

Greenfield et al. Page 14

Immunohorizons. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



79. Cohen J, and Carlet J; International Sepsis Trial Study Group. 1996. INTERSEPT: an international, 
multicenter, placebo-controlled trial of monoclonal antibody to human tumor necrosis factor-alpha 
in patients with sepsis. Crit. Care Med 24: 1431–1440. [PubMed: 8797612] 

80. Abraham E, Anzueto A, Gutierrez G, Tessler S, San Pedro G, Wunderink R, Dal Nogare A, 
Nasraway S, Berman S, Cooney R, et al. NORASEPT II Study Group. 1998. Double-blind 
randomised controlled trial of monoclonal antibody to human tumour necrosis factor in treatment 
of septic shock. Lancet 351: 929–933. [PubMed: 9734938] 

81. Qiu P, Cui X, Sun J, Welsh J, Natanson C, and Eichacker PQ. 2013. Antitumor necrosis factor 
therapy is associated with improved survival in clinical sepsis trials: a meta-analysis. Crit. Care 
Med 41: 2419–2429. [PubMed: 23887234] 

82. Guiddir T, Frémond M-L, Triki TB, Candon S, Croisille L, Leblanc T, and de Pontual L. 2014. 
Anti–TNF-α therapy may cause neonatal neutropenia. Pediatrics 134: e1189–e1193. [PubMed: 
25266439] 

83. Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R, Kumar A, Sevransky JE, 
Sprung CL, Nunnally ME, et al. 2017. Surviving sepsis campaign: international guidelines for 
management of sepsis and septic shock: 2016. Crit. Care Med 45: 486–552. [PubMed: 28098591] 

84. Soares MO, Welton NJ, Harrison DA, Peura P, Shankar-Hari M, Harvey SE, Madan JJ, Ades AE, 
Palmer SJ, and Rowan KM. 2012. An evaluation of the feasibility, cost and value of information 
of a multicentre randomised controlled trial of intravenous immunoglobulin for sepsis (severe 
sepsis and septic shock): incorporating a systematic review, meta-analysis and value of information 
analysis. Health Technol. Assess 16: 1–186.

85. Busani S, Damiani E, Cavazzuti I, Donati A, and Girardis M. 2016. Intravenous immunoglobulin 
in septic shock: review of the mechanisms of action and meta-analysis of the clinical effectiveness. 
Minerva Anestesiol. 82: 559–572. [PubMed: 26474267] 

86. Cui J, Wei X, Lv H, Li Y, Li P, Chen Z, and Liu G. 2019. The clinical efficacy of intravenous 
IgM-enriched immunoglobulin (pentaglobin) in sepsis or septic shock: a meta-analysis with trial 
sequential analysis. Ann. Intensive Care 9: 27. [PubMed: 30725235] 

87. Brocklehurst P, Farrell B, King A, Juszczak E, Darlow B, Haque K, Salt A, Stenson B, and 
Tarnow-Mordi W; INIS Collaborative Group. 2011. Treatment of neonatal sepsis with intravenous 
immune globulin. N. Engl. J. Med 365: 1201–1211. [PubMed: 21962214] 

88. Akdag A, Dilmen U, Haque K, Dilli D, Erdeve O, and Goekmen T. 2014. Role of pentoxifylline 
and/or IgM-enriched intravenous immunoglobulin in the management of neonatal sepsis. Am. J. 
Perinatol 31: 905–912. [PubMed: 24515621] 

89. Mathias B, Szpila BE, Moore FA, Efron PA, and Moldawer LL. 2015. A review of GM-CSF 
therapy in sepsis. Medicine (Baltimore) 94: e2044. [PubMed: 26683913] 

90. Bo L, Wang F, Zhu J, Li J, and Deng X. 2011. Granulocyte-colony stimulating factor (G-CSF) 
and granulocyte-macrophage colony stimulating factor (GM-CSF) for sepsis: a meta-analysis. Crit. 
Care 15: R58. [PubMed: 21310070] 

91. Chousterman BG, and Arnaud M. 2018. Is there a role for hematopoietic growth factors during 
sepsis? Front. Immunol 9: 1015. [PubMed: 29977234] 

92. Miura E, Procianoy RS, Bittar C, Miura CS, Miura MS, Mello C, and Christensen RD. 
2001. A randomized, double-masked, placebo-controlled trial of recombinant granulocyte colony-
stimulating factor administration to preterm infants with the clinical diagnosis of early-onset 
sepsis. Pediatrics 107: 30–35. [PubMed: 11134430] 

93. Kuhn P, Messer J, Paupe A, Espagne S, Kacet N, Mouchnino G, Klosowski S, Krim G, Lescure S, 
Le Bouedec S, et al. 2009. A multicenter, randomized, placebo-controlled trial of prophylactic 
recombinant granulocyte-colony stimulating factor in preterm neonates with neutropenia. J. 
Pediatr 155: 324–30.e1. [PubMed: 19467544] 

94. Molloy EJ, O’Neill AJ, Grantham JJ, Sheridan-Pereira M, Fitzpatrick JM, Webb DW, and Watson 
RW. 2005. Granulocyte colony-stimulating factor and granulocyte-macrophage colony-stimulating 
factor have differential effects on neonatal and adult neutrophil survival and function. Pediatr. Res 
57: 806–812. [PubMed: 15718363] 

Greenfield et al. Page 15

Immunohorizons. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



95. Bolognese AC, Yang W-L, Hansen LW, Denning N-L, Nicastro JM, Coppa GF, and Wang P. 2018. 
Inhibition of necroptosis attenuates lung injury and improves survival in neonatal sepsis. Surgery 
164: 110–116.

96. Suen Y, Lee SM, Qian J, van de Ven C, and Cairo MS. 1998. Dysregulation of lymphokine 
production in the neonate and its impact on neonatal cell mediated immunity. Vaccine 16: 1369–
1377. [PubMed: 9711774] 

97. Raymond SL, Hawkins RB, Murphy TJ, Rincon JC, Stortz JA, López MC, Ungaro R, Ellett F, 
Baker HV, Wynn JL, et al. 2018. Impact of toll-like receptor 4 stimulation on human neonatal 
neutrophil spontaneous migration, transcriptomics, and cytokine production. J. Mol. Med. (Berl.) 
96: 673–684. [PubMed: 29808244] 

98. Maheshwari A 2014. Neutropenia in the newborn. Curr. Opin. Hematol 21: 43–49. [PubMed: 
24322487] 

99. Delano MJ, and Ward PA. 2016. The immune system’s role in sepsis progression, resolution, and 
long-term outcome. Immunol. Rev 274: 330–353. [PubMed: 27782333] 

100. Steinhagen F, Schmidt SV, Schewe J-C, Peukert K, Klinman DM, and Bode C. 2020. 
Immunotherapy in sepsis - brake or accelerate? Pharmacol. Ther 208: 107476. [PubMed: 
31931100] 

101. Hotchkiss RS, Swanson PE, Freeman BD, Tinsley KW, Cobb JP, Matuschak GM, Buchman 
TG, and Karl IE. 1999. Apoptotic cell death in patients with sepsis, shock, and multiple organ 
dysfunction. Crit. Care Med 27: 1230–1251. [PubMed: 10446814] 

102. Hotchkiss RS, Tinsley KW, Swanson PE, Grayson MH, Osborne DF, Wagner TH, Cobb JP, 
Coopersmith C, and Karl IE. 2002. Depletion of dendritic cells, but not macrophages, in patients 
with sepsis. J. Immunol 168: 2493–2500. [PubMed: 11859143] 

103. Hotchkiss RS, Tinsley KW, Swanson PE, Schmieg RE Jr., Hui JJ, Chang KC, Osborne DF, 
Freeman BD, Cobb JP, Buchman TG, and Karl IE. 2001. Sepsis-induced apoptosis causes 
progressive profound depletion of B and CD4+ T lymphocytes in humans. J. Immunol 166: 
6952–6963. [PubMed: 11359857] 

104. Limaye AP, Kirby KA, Rubenfeld GD, Leisenring WM, Bulger EM, Neff MJ, Gibran NS, Huang 
ML, Santo Hayes TK, Corey L, and Boeckh M. 2008. Cytomegalovirus reactivation in critically 
ill immunocompetent patients. JAMA 300: 413–422. [PubMed: 18647984] 

105. Luyt CE, Combes A, Deback C, Aubriot-Lorton MH, Nieszkowska A, Trouillet JL, Capron 
F, Agut H, Gibert C, and Chastre J. 2007. Herpes simplex virus lung infection in patients 
undergoing prolonged mechanical ventilation. Am. J. Respir. Crit. Care Med 175: 935–942. 
[PubMed: 17234903] 

106. Otto GP, Sossdorf M, Claus RA, Rödel J, Menge K, Reinhart K, Bauer M, and Riedemann NC. 
2011. The late phase of sepsis is characterized by an increased microbiological burden and death 
rate. Crit. Care 15: R183. [PubMed: 21798063] 

107. Unsinger J, Kazama H, McDonough JS, Griffith TS, Hotchkiss RS, and Ferguson TA. 2010. 
Sepsis-induced apoptosis leads to active suppression of delayed-type hypersensitivity by CD8+ 
regulatory T cells through a TRAIL-dependent mechanism. J. Immunol 184: 6766–6772. 
[PubMed: 20483771] 

108. Kollef KE, Schramm GE, Wills AR, Reichley RM, Micek ST, and Kollef MH. 2008. Predictors of 
30-day mortality and hospital costs in patients with ventilator-associated pneumonia attributed to 
potentially antibiotic-resistant gram-negative bacteria. Chest 134: 281–287. [PubMed: 18682456] 

109. Hotchkiss RS, Monneret G, and Payen D. 2013. Immunosuppression in sepsis: a novel 
understanding of the disorder and a new therapeutic approach. Lancet Infect. Dis 13: 260–268. 
[PubMed: 23427891] 

110. Cabrera-Perez J, Condotta SA, Badovinac VP, and Griffith TS. 2014. Impact of sepsis on CD4 T 
cell immunity. J. Leukoc. Biol 96: 767–777. [PubMed: 24791959] 

111. Condotta SA, Cabrera-Perez J, Badovinac VP, and Griffith TS. 2013. T-cell-mediated immunity 
and the role of TRAIL in sepsis-induced immunosuppression. Crit. Rev. Immunol 33: 23–40. 
[PubMed: 23510024] 

112. Danahy DB, Strother RK, Badovinac VP, and Griffith TS. 2016. Clinical and experimental sepsis 
impairs CD8 T-cell-mediated immunity. Crit. Rev. Immunol 36:57–74. [PubMed: 27480902] 

Greenfield et al. Page 16

Immunohorizons. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



113. Jensen IJ, Sjaastad FV, Griffith TS, and Badovinac VP. 2018. Sepsis-induced T cell 
immunoparalysis: the ins and outs of impaired T cell immunity. J. Immunol 200: 1543–1553. 
[PubMed: 29463691] 

114. Unsinger J, Walton AH, Blood T, Tenney DJ, Quigley M, Drewry AM, and Hotchkiss RS. 2021. 
Frontline science: OX40 agonistic antibody reverses immune suppression and improves survival 
in sepsis. J. Leukoc. Biol 109: 697–708. [PubMed: 33264454] 

115. Unsinger J, McGlynn M, Kasten KR, Hoekzema AS, Watanabe E, Muenzer JT, McDonough JS, 
Tschoep J, Ferguson TA, McDunn JE, et al. 2010. IL-7 promotes T cell viability, trafficking, and 
functionality and improves survival in sepsis. J. Immunol 184: 3768–3779. [PubMed: 20200277] 

116. Thampy LK, Remy KE, Walton AH, Hong Z, Liu K, Liu R, Yi V, Burnham CD, and 
Hotchkiss RS. 2018. Restoration of T Cell function in multi-drug resistant bacterial sepsis 
after interleukin-7, anti-PD-L1, and OX-40 administration. PLoS One 13: e0199497. [PubMed: 
29944697] 

117. Shindo Y, McDonough JS, Chang KC, Ramachandra M, Sasikumar PG, and Hotchkiss RS. 2017. 
Anti-PD-L1 peptide improves survival in sepsis. J. Surg. Res 208: 33–39. [PubMed: 27993215] 

118. Hotchkiss RS, Colston E, Yende S, Crouser ED, Martin GS, Albertson T, Bartz RR, Brakenridge 
SC, Delano MJ, Park PK, et al. 2019. Immune checkpoint inhibition in sepsis: a Phase 1b 
randomized study to evaluate the safety, tolerability, pharmacokinetics, and pharmacodynamics 
of nivolumab. Intensive Care Med. 45: 1360–1371. [PubMed: 31576433] 

119. Francois B, Jeannet R, Daix T, Walton AH, Shotwell MS, Unsinger J, Monneret G, Rimmelé T, 
Blood T, Morre M, et al. 2018. Interleukin-7 restores lymphocytes in septic shock: the IRIS-7 
randomized clinical trial. JCI Insight 3: e98960.

120. Can E, Hamilcikan Ş, and Can C. 2018. The value of neutrophil to lymphocyte ratio and platelet 
to lymphocyte ratio for detecting early-onset neonatal sepsis. J. Pediatr. Hematol. Oncol 40: 
e229–e232. [PubMed: 29219889] 

121. Arcagok BC, and Karabulut B. 2019. Platelet to lymphocyte ratio in neonates: a predictor of early 
onset neonatal sepsis. Mediterr. J. Hematol. Infect. Dis 11: e2019055. [PubMed: 31528321] 

122. Correa-Rocha R, Pérez A, Lorente R, Ferrando-Martínez S, Leal M, Gurbindo D, and Muñoz-
Fernández MA. 2012. Preterm neonates show marked leukopenia and lymphopenia that are 
associated with increased regulatory T-cell values and diminished IL-7. Pediatr. Res 71: 590–597. 
[PubMed: 22398700] 

123. Hosokawa H, and Rothenberg EV. 2018. Cytokines, transcription factors, and the initiation of 
T-cell development. Cold Spring Harb. Perspect. Biol 10: a028621. [PubMed: 28716889] 

124. Maier S, Traeger T, Entleutner M, Westerholt A, Kleist B, Huoser N, Holzmann B, Stier A, 
Pfeffer K, and Heidecke C-D. 2004. Cecal ligation and puncture versus colon ascendens stent 
peritonitis: two distinct animal models for polymicrobial sepsis. Shock 21: 505–511. [PubMed: 
15167678] 

125. Gentile LF, Nacionales DC, Lopez MC, Vanzant E, Cuenca A, Szpila BE, Cuenca AG, Joseph A, 
Moore FA, Leeuwenburgh C, et al. 2014. Host responses to sepsis vary in different low-lethality 
murine models. PLoS One 9: e94404. [PubMed: 24788351] 

126. Copeland S, Warren HS, Lowry SF, Calvano SE, and Remick D; Inflammation and the Host 
Response to Injury Investigators. 2005. Acute inflammatory response to endotoxin in mice and 
humans. Clin. Diagn. Lab. Immunol 12: 60–67. [PubMed: 15642986] 

127. Zhao J, Kim KD, Yang X, Auh S, Fu Y-X, and Tang H. 2008. Hyper innate responses in neonates 
lead to increased morbidity and mortality after infection. Proc. Natl. Acad. Sci USA 105: 7528–
7533. [PubMed: 18490660] 

128. Cardoso FL, Herz J, Fernandes A, Rocha J, Sepodes B, Brito MA, McGavern DB, and 
Brites D. 2015. Systemic inflammation in early neonatal mice induces transient and lasting 
neurodegenerative effects. J. Neuroinflammation 12: 82. [PubMed: 25924675] 

129. Wynn JL, Scumpia PO, Winfield RD, Delano MJ, Kelly-Scumpia K, Barker T, Ungaro R, Levy 
O, and Moldawer LL. 2008. Defective innate immunity predisposes murine neonates to poor 
sepsis outcome but is reversed by TLR agonists. Blood 112: 1750–1758. [PubMed: 18591384] 

Greenfield et al. Page 17

Immunohorizons. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



130. Gentile LF, Nacionales DC, Lopez MC, Vanzant E, Cuenca A, Cuenca AG, Ungaro R, Szpila 
BE, Larson S, Joseph A, et al. 2014. Protective immunity and defects in the neonatal and elderly 
immune response to sepsis. J. Immunol 192: 3156–3165. [PubMed: 24591376] 

131. Young WA, Fallon EA, Heffernan DS, Efron PA, Cioffi WG, and Ayala A. 2017. Improved 
survival after induction of sepsis by cecal slurry in PD-1 knockout murine neonates. Surgery 161: 
1387–1393. [PubMed: 28012568] 

132. Viemann D, Dubbel G, Schleifenbaum S, Harms E, Sorg C, and Roth J. 2005. Expression of 
toll-like receptors in neonatal sepsis. Pediatr. Res 58: 654–659. [PubMed: 16189189] 

133. Silveira-Lessa AL, Quinello C, Lima L, Redondo ACC, Ceccon MEJR, Carneiro-Sampaio M, 
and Palmeira P. 2016. TLR expression, phagocytosis and oxidative burst in healthy and septic 
newborns in response to Gram-negative and Gram-positive rods. Hum. Immunol 77: 972–980. 
[PubMed: 27450230] 

134. Schaub B, Bellou A, Gibbons FK, Velasco G, Campo M, He H, Liang Y, Gillman MW, Gold 
D, Weiss ST, et al. 2004. TLR2 and TLR4 stimulation differentially induce cytokine secretion in 
human neonatal, adult, and murine mononuclear cells. J. Interferon Cytokine Res 24: 543–552. 
[PubMed: 15450130] 

135. Sadeghi K, Berger A, Langgartner M, Prusa A-R, Hayde M, Herkner K, Pollak A, Spittler 
A, and Förster-Waldl E. 2007. Immaturity of infection control in preterm and term newborns 
is associated with impaired toll-like receptor signaling. J. Infect. Dis 195: 296–302. [PubMed: 
17191175] 

136. Sugitharini V, Shahana P, Prema A, and Berla Thangam E. 2016. TLR2 and TLR4 co-activation 
utilizes distinct signaling pathways for the production of Th1/Th2/Th17 cytokines in neonatal 
immune cells. Cytokine 85: 191–200. [PubMed: 27380627] 

137. Dreschers S, Ohl K, Schulte N, Tenbrock K, and Orlikowsky TW. 2020. Impaired functional 
capacity of polarised neonatal macrophages. Sci. Rep 10: 624. [PubMed: 31953452] 

138. Guillon A, Preau S, Aboab J, Azabou E, Jung B, Silva S, Textoris J, Uhel F, Vodovar D, Zafrani 
L, et al. Translational Research Committee of the French Intensive Care Society (Société de 
Réanimation de Langue Française). 2019. Preclinical septic shock research: why we need an 
animal ICU. Ann. Intensive Care 9: 66. [PubMed: 31183570] 

139. Lewis AJ, and Rosengart MR. 2018. Bench-to-bedside: a translational perspective on murine 
models of sepsis. Surg. Infect. (Larchmt.) 19: 137–141. [PubMed: 29394153] 

140. Singer JR, Blosser EG, Zindl CL, Silberger DJ, Conlan S, Laufer VA, DiToro D, Deming 
C, Kumar R, Morrow CD, et al. 2019. Preventing dysbiosis of the neonatal mouse intestinal 
microbiome protects against late-onset sepsis. Nat. Med 25: 1772–1782. [PubMed: 31700190] 

141. Knoop KA, Coughlin PE, Floyd AN, Ndao IM, Hall-Moore C, Shaikh N, Gasparrini AJ, Rusconi 
B, Escobedo M, Good M, et al. 2020. Maternal activation of the EGFR prevents translocation 
of gut-residing pathogenic Escherichia coli in a model of late-onset neonatal sepsis. Proc. Natl. 
Acad. Sci. USA 117: 7941–7949. [PubMed: 32179676] 

142. Panigrahi P, Parida S, Nanda NC, Satpathy R, Pradhan L, Chandel DS, Baccaglini L, Mohapatra 
A, Mohapatra SS, Misra PR, et al. 2017. A randomized synbiotic trial to prevent sepsis among 
infants in rural India. [Published erratum appears in 2018 Nature 553: 238.] Nature 548: 407–
412. [PubMed: 28813414] 

143. Cole BK, Scott E, Ilikj M, Bard D, Akins DR, Dyer DW, and Chavez-Bueno S. 2017. Route of 
infection alters virulence of neonatal septicemia Escherichia coli clinical isolates. PLoS One 12: 
e0189032. [PubMed: 29236742] 

144. Kitsios GD, Morowitz MJ, Dickson RP, Huffnagle GB, McVerry BJ, and Morris A. 2017. 
Dysbiosis in the intensive care unit: Microbiome science coming to the bedside. J. Crit. Care 38: 
84–91. [PubMed: 27866110] 

145. Masopust D, Sivula CP, and Jameson SC. 2017. Of mice, dirty mice, and men: using mice to 
understand human immunology. J. Immunol 199: 383–388. [PubMed: 28696328] 

146. Beura LK, Hamilton SE, Bi K, Schenkel JM, Odumade OA, Casey KA, Thompson EA, Fraser 
KA, Rosato PC, Filali-Mouhim A, et al. 2016. Normalizing the environment recapitulates adult 
human immune traits in laboratory mice. Nature 532: 512–516. [PubMed: 27096360] 

Greenfield et al. Page 18

Immunohorizons. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



147. Hamilton SE, Badovinac VP, Beura LK, Pierson M, Jame-son SC, Masopust D, and Griffith TS. 
2020. New insights into the immune system using dirty mice. J. Immunol 205: 3–11. [PubMed: 
32571979] 

148. Huggins MA, Sjaastad FV, Pierson M, Kucaba TA, Swanson W, Staley C, Weingarden AR, 
Jensen IJ, Danahy DB, Badovinac VP, Jameson SC, Vezys V, Masopust D, Khoruts A, Griffith 
TS, and Hamilton SE. 2019. Microbial exposure enhances immunity to pathogens recognized by 
TLR2 but increases susceptibility to cytokine storm through TLR4 sensitization. Cell Rep. 28: 
1729–1743.e5. [PubMed: 31412243] 

149. Rosshart SP, Herz J, Vassallo BG, Hunter A, Wall MK, Badger JH, McCulloch JA, Anastasakis 
DG, Sarshad AA, Leonardi I, et al. 2019. Laboratory mice born to wild mice have natural 
microbiota and model human immune responses. Science 365: eaaw4361. [PubMed: 31371577] 

Greenfield et al. Page 19

Immunohorizons. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. The neonatal response to bacterial sepsis differs compared with the adult response 
when looking at clinical data from LOS, in vitro data from human cells, and in vivo animal 
models.
Observations suggest cytokine differences may contribute to immune dysfunction and sepsis 

outcomes. The figure was created with BioRender.
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