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Sepsis, a dysfunctional immune response to infection leading to life-threatening organ
injury, represents a significant global health issue. Neonatal sepsis is disproportionately
prevalent and has a cost burden of 2-3 times that of adult patients. Despite this, no widely
accepted definition for neonatal sepsis or recommendations for management exist and
those created for pediatric patients are significantly limited in their applicability to this
unique population. This is in part due to neonates’ reliance on an innate immune response
(which is developmentally more prominent in the neonate than the immature adaptive
immune response) carried out by dysfunctional immune cells, including neutrophils,
antigen-presenting cells such as macrophages/monocytes, dendritic cells, etc., natural
Killer cells, and innate lymphoid regulatory cell sub-sets like INKT cells, y8 T-cells, etc.

Immune checkpoint inhibitors are a family of proteins with primarily suppressive/inhibitory
effects on immune and tumor cells and allow for the maintenance of self-tolerance. During
sepsis, these proteins are often upregulated and are thought to contribute to the long-
term immunosuppression seen in adult patients. Several drugs targeting checkpoint
inhibitors, including PD-1 and PD-L1, have been developed and approved for the
treatment of various cancers, but no such therapeutics have been approved for the
management of sepsis. In this review, we will comparatively discuss the role of several
checkpoint inhibitor proteins, including PD-1, PD-L1, VISTA, and HVEM, in the immune
response to sepsis in both adults and neonates, as well as posit how they may uniquely
propagate their actions through the neonatal innate immune response. We will also
consider the possibility of leveraging these proteins in the clinical setting as potential
therapeutics/diagnostics that might aid in mitigating neonatal septic morbidity/mortality.
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PREVALENCE AND BURDEN OF
NEONATAL SEPSIS

Neonates accounted for 47% of all mortalities in children under
five years worldwide in 2020 (1). Sepsis, defined as a
dysfunctional immune response to infection resulting in life-
threatening organ injury (2), is the third leading cause of death in
this group after prematurity or complications occurring during
birth (3). Neonatal sepsis accounts for 13% of neonatal deaths
and 42% of mortality in the first week of life (4). Globally, there
are an estimated 2200 cases of neonatal sepsis per 100,000 live
births with mortality ranging from 11 to 19% (5). Preterm infants
are particularly susceptible, with premature neonates being 1000
times as likely as term counterparts to experience sepsis, as well
as suffering from higher mortality and long-term morbidity (6).

In the United States, there is an overall mortality rate of 10%
for septic infants, with a sharp increase up to 30% for those with
any comorbidity (7). 36% of premature neonates born before 28
weeks gestation had at least one episode of bacteremia during
their initial hospitalization with a mortality rate of up to 50% (6).
Neonates in the US also have the highest rate of ICU admissions
for sepsis of any age group and disproportionately high health
care costs of 2-3 times those of adult septic patients, accounting
for $1.1 billion in annual health care costs (7). Despite the high
prevalence and significant health care burden of neonatal sepsis,
reductions in mortality have lagged behind those seen in the
overall pediatric population (4). In addition, the percentage of
deaths in children under five years of age attributed to neonates

Abbreviations: (-/-), Knockout; Akt, Protein kinase B; ALT, Alanine
transaminase; AP-1, Activator protein 1; APC, Antigen presenting cell; AST,
Aspartate aminotransferase; Bcl-xL, B-cell lymphoma- extra large; BTLA, Band T
lymphocyte attenuator; CD, Cluster of differentiation; CLP, Cecal ligation and
puncture; CS, Cecal slurry; CTLA, Cytotoxic T-lymphocyte associated protein;
Diesl, Differentiation of embryonic stem cells 1; EAE, Experimental autoimmune
encephalomyelitis; FOXP3, Forkhead box P3; GI - Gastrointestinal; HSV, Herpes
simplex virus; HVEM, Herpesvirus entry mediator; ICU, Intensive care unit; IFN-
Y, Interferon gamma; IgC, Immunoglobulin constant; IgV, Immunoglobulin
variable; IL, Interleukin; iNKT, Invariant natural killer T-cell; IP,
Intraperitoneal; ITIM, Immunoreceptor tyrosine-based inhibitory motif; ITSM,
Immunoreceptor tyrosine-based switch motif; IV, Intravenous; LIGHT,
Homologous to lymphotoxin, exhibits inducible expression and competes with
HSV glycoprotein D for binding to HVEM, a receptor expressed on T-
lymphocytes; LTo, Lymphotoxin alpha; LTBR, Lymphotoxin beta receptor;
MAPK, Mitogen-activated protein kinase; MCP, Monocyte chemoattractant
protein; MHC, Major histocompatibility complex; NEC, Necrotizing
enterocolitis; NET, Neutrophil extracellular trap; NFkB, Nuclear factor kappa
light chain enhancer of activated B-cells; NK, Natural killer; PAMPs, Pathogen-
associated molecular patterns; PD-1, Programmed cell death protein 1; PD-1H,
Programmed death 1 homolog; PD-L1, Programmed death ligand 1; PD-L2,
Programmed death ligand 2; PI3K, Phosphatidylinositol 3-kinase; PKC8, Protein
kinase C theta; PRRs, Pathogen recognition receptors; PSGL-1, P-selectin
glycoprotein ligand 1; SHP, Src homology 2 domain-containing protein tyrosine
phosphatase; SISP1, Stress induced secreted protein 1; STAT, Signal transducer
and activator of transcription; TCR, T-cell receptor; TLR, Toll-like receptor; TNF-
o, Tumor necrosis factor alpha; TRAF, Tumor necrosis factor receptor-associated
factors; T-reg, Regulatory T-cell; VISTA, V-domain Ig suppressor of T-cell
activation; VSIG3, V-set and immunoglobulin domain containing 3; VSIR, V-
set immunoregulatory receptor; WT, Wildtype; ZAP70, Zeta-chain-associated
protein kinase 70.

has risen (1) showing that there is still significant room for
improvement in the care of this vulnerable population.

NEONATAL VS PEDIATRIC SEPSIS

The rising incidence of sepsis, as well as its significant rates of
mortality and long-term morbidity, led to the development of
consensus definitions and recommendations for adult patients in
1991 (8) which have had multiple revisions based on updated
evidence (2). Initial guidelines for pediatric patients were
published in 2020 (9) and included 77 recommendations on
the management of sepsis in children, 49 of which were classified
as weak recommendations based on limited and low-quality
evidence. While neonates born at 37 weeks gestation or later
are intended to be covered by these guidelines, premature infants
(a significant proportion of the neonatal population) and studies
addressing concerns specific to neonates, such as those related to
perinatal infections, were excluded. This somewhat limits the
application of these guidelines to neonatal sepsis.

Several distinct differences between neonates and older
children need to be considered in the diagnosis and
management of sepsis. Neonates likely have exposure to
different pathogens than older infants or other children due to
intrauterine infections or vertical transmission during birth (10).
Neonates are also affected differently by exposure to certain
organisms, with those often dismissed as contaminants in older
children or adults causing significant morbidity and mortality in
the neonatal population. The long-term impact of neonatal
sepsis must also be considered given the rapid development of
the brain during this period. Studies have shown that patients
who experience sepsis as neonates go on to have
neurodevelopmental changes that persist even decades later
(11-13).

Even amongst neonates there is considerable heterogeneity.
These differences are due to varied gestational age of the
population, timing of sepsis (early vs late), and source of the
infection (10). Rapid changes in renal function (14) and the ability
to metabolize medications (15) also occur in the first few weeks of
life, causing variability in how individual patients may respond to a
given treatment. Changes in the normal values for vital signs (16)
and common laboratory tests (17) also occur in the first weeks to
months of life and most clinical signs of sepsis in children and
adults lack specificity in neonates (10). Even blood cultures are
unreliable, with as few as 1% of cases having positive cultures due
to the need for small samples and antenatal maternal antibiotic
administration. All of these issues present significant challenges in
forming widely-applicable definitions and recommendations for
the diagnosis and management of neonatal sepsis.

ANIMAL MODELS OF NEONATAL SEPSIS

While well-established models of sepsis in adult animals have
vastly increased our understanding of the immune response to
sepsis, the unique challenges posed by neonatal septic patients
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necessitate ongoing research using neonatal animals. Several
models for neonatal sepsis have been developed to meet this
need. Cecal ligation and puncture (CLP) is a commonly used
model of intraabdominal polymicrobial sepsis in adult mice (18).
This model has limitations in neonates, largely due to their small
size and increased risk of cannibalization of the surgically
manipulated neonates by the mothers (19). The cecal slurry
(CS) model was developed to combat these issues. In this model,
the cecal contents of adult mice are mixed with crystalloid fluid
to create the slurry, which is then administered via IP injection to
the study animals. The cecal slurry model induces bacteremia
with mortality typically occurring between 12- and 72-hours
following injection (20). This timeline is similar to that seen in
septic human neonates (21). In addition to induction of sepsis
via IP injection, pure bacteremia models utilizing IV injection of
pathogens (22) as well as pneumonia models using intranasal
administration (23) have been developed in rodents.

Models have also been developed to closely mimic
necrotizing enterocolitis (NEC), a disease process most
commonly seen in premature infants. These models
typically involve gavage feeding of formula and either a
single pathogen (24) or polymicrobial slurry (25, 26), often
followed by induction of hypoxia to mimic ischemia-
reperfusion (27). While there are several clear advantages to
studying this disease process in rodents, including lower cost
and larger litter size than other species, the inability to study
premature animals limits the applicability of these models
(20). Similar models have been developed using piglets (26, 28,
29) and non-human primates (30), but these species are more
expensive and more difficult to care for. An additional
limitation to these models of neonatal sepsis is the exclusion
of antibiotic treatment and supportive care that would
typically occur in human patients (20).

IMMUNOLOGY OF NEONATAL SEPSIS

Due to a limited exposure to environmental microbes, neonates
rely on the innate immune system, which offers a rapid, short-
term, and unspecified response to microorganisms (31). After a
pathogen bypasses epithelial barriers, its pathogen associated
molecular patterns (PAMPs) are detected by pathogen
recognition receptors (PRRs), such as toll-like receptors (TLRs)
(32, 33). Binding to TLRs stimulates a response through the
release of cytokines, chemokines, complement proteins, and
coagulation factors (34-36). While neonates and adults have
similar expression levels of TLRs, the subsequent responses from
PAMP-TLR binding differs (37). Septic neonates have decreased
production of proinflammatory cytokines [TNF-o, IFN-y, and
IL-1B (38-40)], potentially due to decreased production of
intracellular mediators of TLR signaling (41).

Several immune cells, including neutrophils, play a major role
in the innate immune response (42). In rats, neonates have
smaller baseline neutrophil reserves with higher risk of depletion
of these reserves following sepsis as compared to adults (43).
Additionally, neonatal neutrophils have lower expression of

adhesion molecules (44, 45), which facilitate binding to the
vascular endothelium, reducing neutrophil migration to the
site of infection by 50% (45). Neonatal neutrophils also exhibit
reduced deformability, which, when coupled with sepsis-induced
hypotension, may lead to microvascular occlusion and successive
organ dysfunction (46). Neonatal neutrophils also have impaired
NET formation (47), reduced phagocytic capabilities (48), and
decreased levels of bactericidal proteins (49). In addition, they
are less efficient in responding to apoptotic stimuli (50, 51),
which may prevent the resolution of inflammation and lead to
excessive tissue damage (52). Overall, the combination of these
changes in neutrophil functions may make neonates more
susceptible to sepsis than adults.

Other key immune cells also demonstrate significant
differences in the neonatal immune response. Neonates have
low levels of antigen presenting cells (APCs), monocytes, and
dendritic cells (53). While these cells have comparable cell
surface TLR expression to adult cells (53), they express lower
levels of costimulatory molecules (CD80, CD40) (54). Such
factors contribute to a reduced ability of neonates to protect
themselves from an infection. Another difference between adults
and neonates is seen in mast cells, which release more histamine
upon stimulation in neonates (55), potentially contributing to
vasodilation and septic shock in this population.

In contrast to decreased numbers of other immune cells,
neonates have larger populations of NK cells than adults (56).
Neonatal NK cells have increased expression of inhibitory
receptors (CD94/NKG2A), lower cytotoxic ability towards
their targets, and decreased degranulation ability, when
compared to adult NK cells (57). IFN-y release by neonatal NK
cells appears to differ based on type of in vitro stimulation, with
some experiments showing increased IFN production (57) and
others showing decreased levels (39) as compared to adults.

vS-T cells, while lymphoid in lineage, are also innate immune
cells that provide protection from microbial infection through
the release of IFN-y (58). ¥0-T cells found in human cord blood
have decreased cytotoxic capacity (59), decreased cytokine
release (60), and lower levels of perforin and granzyme B
effector molecules. Neonatal y3-T cells are immature, reaching
adult levels of maturity by 2 years of age (61), and have limited
ability to respond to bacterial infection. In contrast, following
infection with influenza, neonatal Y3-T cells rapidly produce IL-
17A and contribute to improved survival as compared to
neonatal mice lacking these cells (62).

iNKT-cells are adaptive immune cells with innate-like
functions that have been shown to play a role in the neonatal
immune response. While these cells do not appear to express
TLRs as other innate immune cells do, they are activated by
proinflammatory cytokines or lipid antigens and trigger further
cytokine production and activation of other immune cell
populations (63). In neonatal mice, loss of these cells leads to
improved survival following sepsis as compared to WT neonates
(64). iNKT-cells also migrate to the peritoneal cavity and are
important for the mobilization of macrophages following sepsis
in neonatal mice. These findings suggest that iNKT-cells play an
important role in the neonatal response to sepsis.
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ROLE OF CHECKPOINT PROTEINS
IN SEPSIS

Two signals are required for T-cell activation to occur. First, an APC
processes antigen and presents it to other cells via the MHC
receptor (65). The T-cell receptor (TCR) binds to this antigen,
creating the first signal. The second signal for activation is a co-
stimulatory signal created by the binding of CD28 to B7, as an
example (Figure 1). Concomitantly, co-inhibitory proteins, which
can antagonize the second signal (66), are also present on various
cell types, including APCs, T-cells, monocytes, macrophages,
endothelial cells, tumor cells, etc. (67-70). These proteins allow
for maintenance of self-tolerance in the body (71). The balance of
co-stimulatory and co-inhibitory signals determines if the immune
cell becomes activated or anergic/apoptotic (72).

During sepsis, the immune system generates simultaneous
inflammatory and immunosuppressive responses (73), with
balance of these responses necessary to prevent an
overwhelming inflammatory response that could kill the host.
While the inflammatory phase eventually peaks and returns
toward baseline, many patients demonstrate profound long-
term immunosuppression following sepsis (74). Immune
checkpoint inhibitor proteins are often upregulated during the
septic response and are thought to play a role in this
immunosuppression (75). Here we will discuss the roles of
several checkpoint inhibitors in sepsis and what is known
about their involvement specifically in the neonatal immune
response (Table 1).

PD-1 (Programmed Cell Death Protein 1)
PD-1 is a well-studied checkpoint inhibitor protein expressed on
activated T-cells, NK cells, monocytes, dendritic cells, and y3-T
cells (67, 76). It is composed of an extracellular domain,
transmembrane domain, and cytoplasmic tail containing an
immunoreceptor tyrosine-based inhibitory motif (ITIM) and
an immunoreceptor tyrosine-based switch motif (ITSM)
domain (84, 85). Upon binding of PD-1 to its ligand (PD-L1
or PD-L2), PD-1 is phosphorylated and the SHP1/2 complex is
recruited to the cytoplasmic tail (77) (Figure 1). This leads to
inhibition of CD28-mediated activation of PI3K, blocking
downstream activation of Akt and leading to decreased Bcl-xL,
IL-2, and IFN-y production (78). PD-1 also inhibits
phosphorylation of CD3{, and ZAP70, PKC6 (79), though
these effects can be reversed in vitro by administration of IL-2,
IL-7, or IL-15 (86). To exert these inhibitory effects, PD-1 must
be in close proximity to the antigen receptor. To facilitate this,
PD-1 has been shown to translocate to form micro clusters with
T-cell receptors on the surface of T-cells (87).

Following the induction of experimental sepsis in adult
mice, increased PD-1 expression can lead to exhaustion of T-
cells, characterized by decreased proliferation as well as
decreased production of IL-2, IFN-y, TNF-o, and
chemokines (88) with the greatest level of inhibition seen at
low levels of TCR stimulation (67). T-cells also demonstrate a
shift toward the regulatory phenotype following PD-1
activation (88). These changes are thought to contribute to
the immunosuppression seen after sepsis. Similar changes

APC
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FIGURE 1 | PD-1 suppresses T-cell activation by inhibiting several kinase pathways. T-cell activation occurs when the TCR binds the antigen (Ag) presented by
MHC II. This first signal results in ZAP70, Lck, and Fyn recruitment to the CD3-£ chain proximal to the TCR. The first signal promotes the ERK/MAPK and PKC-6
activation. The second signal occurs when CD28 binds to B7-1/2 and results in PI3K recruitment and downstream AKT pathway activation. PD-1 intrinsically
suppresses T-cell activation. Upon interaction with PD-L1/2 the ITSM domain of PD-1 recruits SHP-1/2. Activated SHP-1/2 inhibit ZAP70 and PKC-6
phosphorylation. The ITIM domain of PD-1 is also phosphorylated and recruits SHP-1. This activated SHP-1 inhibits PI3K phosphorylation resulting in suppression of
the AKT pathway. These mechanisms of PD-1 induced suppression results in reduced cytokine production, metabolic activity, proliferation, and B-cell lymphoma-
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TABLE 1 | Brief summary of some selected checkpoint inhibitor ligands, expression, and signaling with relevance to the present discussion of neonatal sepsis.

Checkpoint Ligands Expression Pattern Signaling Overview
Inhibitor
PD-1 PD-L1 T-cells, NK cells, monocytes, dendritic cells (67), y3-T SHP1/2 binds cytoplasmic tail -> inhibition of PI3K activation ->
PD-L2 cells (76) blocks Akt activation -> decreased Bcl-xL, IL-2, IFN-y (77-79)
VISTA VISTA Spleen, thymus, bone marrow, leukocyte infiltrates, SH2/SHS binding -> STAT pathway activated -> inhibition of
VSIG3 macrophages, monocytes, dendritic cells, T-cells, APCs  MAPK and NFxB pathways (80, 81)
PSGL-1 (69)
HVEM TNF Fetal lung and kidney; adult spleen and peripheral blood  Recruitment of TRAF2 and TRAF5
LTo leukocytes (70) -> transcription factor activation (eg NFkB and AP-1) (70)
LIGHT
BTLA
CD160
HSV glycoprotein D
BTLA HVEM Spleen, lymph nodes, CD4* T-cells, B-cells, dendritic Recruitment of SHP1/2 -> dephosphorylation of PI3K (83)

cells (82)

have been documented in human samples as well, with splenic
T-cells from adult septic patients showing decreased capacity
for IFN-y and TNF-a production (89). Expression levels of
PD-1 and its ligands also change in septic patients, with
increased PD-1 expression on CD4" T-cells and increased
PD-L1 expression on macrophages and endothelial cells.

PD-17" adult mice develop autoimmune glomerulonephritis
(90) and dilated cardiomyopathy (91), demonstrating the
important role of this checkpoint inhibitor in maintenance of
self-tolerance. However, in the response to sepsis, PD-1 activity
leads to increased morbidity and mortality. PD-17" adult mice
have demonstrated improved survival following sepsis induced
by CLP (92). Treatment of WT animals with anti-PD-1 or anti-
PD-L1 antibodies similarly leads to improved survival in
models of bacterial (93) and fungal (94) sepsis.

PD-L1 (Programmed Death-Ligand 1)

PD-L1 is one of two ligands for PD-1. It is a type 1
glycoprotein containing IgC and IgV domains (84). The
intracellular portion of the protein has been found to be
highly conserved across species (67). In addition to its well-
studied interaction with PD-1, PD-L1 has been found to
interact with B7 (CD80), which is a known receptor for
other immune checkpoint proteins such as CTLA-4 and
CD28 (95). When bound to B7, PD-L1 inhibits T-cell
activation independent of PD-1 involvement.

PD-L1 is widely expressed on both immune cells (including
T-cells, B-cells, monocytes, macrophages, dendritic cells, bone
marrow-derived mast cells, neutrophils, mesenchymal stem
cells) (67, 68) and in various tissues, such as the cardiac
endothelium, placenta, pancreatic islets, liver, lung, and skin
(68). Its expression pattern varies based on the activation state of
the cell, with lower baseline expression on T-cells and
macrophages and significant upregulation on activated cells,
though no such upregulation is noted on activated B-cells (67).
It has also been found to be overexpressed on various cancers.
This pattern of expression is thought to allow for regulation of
the peripheral immune response and maintenance of self-
tolerance in biologically vital tissues, as well as a mechanism
for tumors to evade immune control.

In mouse models, PD-L1 deficiency exacerbates autoimmune
diabetes (96) and increases susceptibility to experimental
autoimmune encephalomyelitis (EAE) (97), suggesting a role
in the prevention of autoimmune conditions. In sepsis, PD-L1
expression is upregulated on monocytes, dendritic cells, and
capillary endothelial cells in the spleen (88). Monocyte PD-L1
expression levels also correlate with severity of illness and
mortality in adult septic patients (98), suggesting a potential
role as a prognostic marker in this population.

VISTA (V-Domain Ig Suppressor of

T-Cell Activation)

VISTA (PD-1H, VSIR, B7-H5, SISP1, Dies 1) (69, 99-101) is a
relatively recent addition to the B7 family of checkpoint inhibitor
proteins. It was identified via comparison of cell surface protein
expression of resting vs activated T-regs and shares
approximately 24% homology to PD-L1 (69). It is a type 1
transmembrane protein with an extracellular Ig-V domain,
transmembrane segment, and cytoplasmic tail. It contains 2
invariant cysteine residues common to other B7 family
members, plus an additional 4 cysteine residues that are
unique to VISTA. These additional residues are highly
preserved across species and are thought to allow for VISTA-
VISTA interactions. In addition to self-binding, VISTA interacts
with VSIG3, which is overexpressed on various GI cancers (102),
and PSGL-1, an adhesion molecule involved in leukocyte rolling
that is upregulated in inflammatory states (103).

VISTA’s cytoplasmic tail contains SH2 and SH3 binding
domains, allowing for signaling via STAT proteins (80). This
leads to downstream inhibition of TLR-mediated activation of
MAPKs and the NFxB pathway via a reduction in TRAF6
(81). Overall, VISTA activity has an inhibitory effect on naive
and memory T-cell proliferation without inducing apoptosis
in these populations (69). It also leads to decreased production
of IL-2 and IFN-y.

VISTA is primarily expressed in hematopoietic tissues,
including the spleen, thymus, and bone marrow, as well as in
tissues with significant leukocyte infiltrates such as the lung (69).
It has a lower level of baseline expression in the heart, kidney,
brain, and ovary. VISTA expression is highly upregulated on
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APCs during the inflammatory response and is also
constitutively expressed on macrophages, monocytes, dendritic
cells, and T-cells. Like PD-L1, VISTA deficiency has been found
to exacerbate autoimmune conditions in mouse models,
including EAE (104) and lupus (105). In addition, while many
of these checkpoint inhibitor proteins have similar downstream
effects on the immune response, VISTA and PD-1 have
synergistic, non-redundant functions (106). This suggests that
targeting a combination of these proteins may prove to be more
beneficial than targeting them in isolation.

Adult VISTA” mice have significantly decreased survival
following septic insult as compared to their WT counterparts
(107). They also demonstrate elevated serum markers of end-
organ damage in the liver, as well as higher serum levels of
several cytokines (IL-6, IL-10, TNF-o, MCP-1, IL-17F and IL-
23). VISTA also appears to play an important role in the T-reg
response to sepsis. While WT adult mice have increased T-reg
abundance after sepsis, no such change is seen in VISTA™" mice.
In addition, the survival of VISTA”" mice following sepsis
returns to the WT baseline if VISTA-expressing T-regs are
given via adoptive transfer prior to septic insult.

HVEM (Herpesvirus Entry Mediator)

HVEM is a type 1 transmembrane receptor protein (108)
containing 4 cysteine-rich domains that allow for ligand binding
(70). Its cytoplasmic domain recruits TRAF2 and TRAFS5, leading
to downstream activation of various transcription factors,
including NFxB and AP-1. HVEM is widely expressed
throughout the body. High expression levels have been found at
baseline in fetal lung and kidney, as well as adult spleen and
peripheral blood leukocytes, with lower baseline expression in
adult non-lymphoid tissues. HVEM is highly promiscuous in its
interactions and can act as either ligand or receptor depending on
its binding partner. It has several known ligands, including TNF,
LTo, LIGHT, BTLA, CD160, and HSV glycoprotein D (83,
108-110).

LIGHT is a type II transmembrane protein (109) that is
expressed in the spleen and lymph nodes, as well as on
macrophages, T-cells, and immature dendritic cells (111). Its
expression is inducible and its binding with HVEM stimulates
proliferation of T-cells, induces IFN-y production, and weakly
stimulates NFxB-driven transcription (109). It also blocks
proliferation of tumor cells in vitro. LIGHT also interacts with
LTBR (112). This interaction produces a wide range of
downstream effects, including cell apoptosis, lipid metabolism,
and regulation of lymph node formation.

BTLA is a member of the Ig superfamily of proteins and contains
2 ITIM domains (113). BTLA is expressed in the spleen and lymph
nodes, with low-level baseline expression on CD4" T-cells that
significantly increases following T-cell activation (82). Its interaction
with HVEM is unique in that it acts as a bidirectional switch, with
opposing downstream effects depending on which protein acts as
receptor and which as ligand, as well as the membrane
conformation of the involved proteins (83, 114).

In adult mice after CLP, increased BTLA and HVEM-
expressing macrophages, monocytes, dendritic cells, and

neutrophils have been found in the peritoneal cavity (115),
suggesting a role for these checkpoint proteins in local
response to infection. BTLA knockout animals have increased
survival, decreased indices of organ injury, and reduced
peritoneal bacterial burden following CLP (115), while those
treated with an agonistic BTLA antibody show increases in
cytokine production, recruitment of inflammatory cells to the
peritoneal cavity, and mortality (116).

Higher levels of soluble BTLA have also been found in septic
patients, and these levels appear to correlate with severity of disease
(117). BTLA expression on CD4" T-cells also correlates with
severity of sepsis in ICU patients and is associated with increased
risk of developing nosocomial infections (118). The
immunosuppressed phenotype seen in these patients with higher
BTLA expression may in part be explained by the increased
apoptosis of T-cells seen following BTLA activation. These
findings suggest a role for BTLA in prognostication and
management of septic patients.

CHECKPOINT PROTEINS IN NEONATES

While the role of checkpoint inhibitor proteins has been extensively
studied in adults, significantly less data exists in neonates. In mice,
PD-1"" neonates have been found to have a significant survival
benefit following CS-induced sepsis as compared to WT neonates
(119), mirroring the survival benefit seen in adult knockouts after
CLP. These PD-1 knockouts also have increased production of
cytokines following sepsis, specifically IL-6, IL-10, and TNF-o,, as
well as differences in the cell composition of peritoneal infiltrates.
PD-1 also appears to play a role in modulating the response of
neonatal iNKT-cells to sepsis, with both PD-17" and iNKT-cell””
neonates showing similar effects on peritoneal macrophage
populations that are distinct from those seen in WT neonates
following CS (64).

PD-1 expression on monocytes has been studied in premature
human infants, who have been found to have a lower baseline
expression than their term counterparts (120). Premature infants
with sepsis, however, have a significantly higher percentage of PD-
1-expressing monocytes, with even higher expression levels seen in
those who died of septic shock. PD-1 expression has also been
studied in the context of inflammation due to biliary atresia. Infants
diagnosed with biliary atresia have been found to have increased
PD-1 expression on hepatic and circulating T-cells, as well as lower
levels of IEN-vy in the liver (121). In a virus-induced biliary atresia
model in mice, PD-1 blockade has been shown to lead to increased
levels of AST, ALT, and IFN-y, suggesting that PD-1 plays a role in
mitigating liver injury in this disease process.

In humans, stimulation of CD4" T-cells isolated from
neonates with Staphylococcus aureus leads to a conversion of
those cells to FOXP3" regulatory T-cells (122). Blocking PD-L1
prevents this shift from occurring, suggesting that PD-L1 plays a
role in controlling the immune response. BTLA expression has
also been studied in human neonates, with higher levels of
expression on dendritic cells of septic vs nonseptic patients
(123). Samples from septic neonates also showed decreased T-
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cell proliferation and decreased levels of maturation markers on
BTLA" dendritic cells. The higher level of BTLA expression also
correlated with decreased phagocytosis and bactericidal ability,
as well as with the severity of sepsis in these patients.

Overall, these findings suggest that while there are significant
differences in the neonatal immune response as compared to
adults, checkpoint inhibitor proteins play an important role in
the immune responses of both populations. These findings also
suggest that checkpoint inhibitors play some of their most
significant roles in ‘innate’ as opposed to simply ‘adaptive’
immune responses to sepsis. Other innate immune cells, such
as neutrophils and y3-T cells, are likely also affected by loss or
blockade of checkpoint inhibition, but further research is needed
to explore the effects of manipulating various checkpoint
inhibitors on these cells. It is clear from the paucity of data in
this specific and vulnerable population that much work remains
to be done to understand the mechanisms by which checkpoint
inhibitor proteins impact the neonatal immune response before
they can be studied as potential therapeutic targets.

CLINICAL APPLICATIONS

While the roles of various checkpoint inhibitor proteins have been
extensively studied in the setting of sepsis, their use as therapeutic
targets in human patients is just beginning to be explored. Several
phase 1b clinical trials have been undertaken to look at the safety of
several compounds that target PD-1 and/or PD-L1 in septic patients
(124, 125). These trials have not revealed any increase in cytokine
levels or significant safety concerns, though they only include a
small number of patients. Expanded trials will be necessary to
quantify the risk of autoimmune side effects that could result from
loss of checkpoint inhibition leading to impaired self-tolerance.
These side effects have the potential to be especially concerning in
the neonatal population as these patients have an underdeveloped
immune system and are somewhat fragile as compared to adults. No
trials have been performed using VISTA, HVEM, or any of their
ligands as therapeutic targets and none have been performed in
neonates. These provide areas of opportunity for further study and
drug development.

Checkpoint inhibitor proteins are well-established therapeutic
targets in oncology (Figure 2). Three medications have been
developed and approved to target PD-1 [pembrolizumab (126),
nivolumab (127), cemiplimab (128)], three for PD-L1 [atezolizumab
(129), avelumab (130), durvalumab (131)], and one for CTLA-4
[ipilimumab (132)]. These medications are used to treat a wide
variety of cancers, including breast, lymphoma, skin, lung, and GI
tumors. Unfortunately, not all tumors respond to these medications
due to different levels of expression of the checkpoint proteins (133).
Combinatorial therapies have also been studied with success in
reducing death and/or disease progression in several trials (134).
While these medications have been used successfully in the setting
of cancer immunotherapy, further trials will need to be done in
septic patients to determine if the positive results seen in a chronic

Ipilimumab
approved for
2011 ==F= | etastatic
melanoma'*?
Sept -
Pembrolizumab
approved for
advanced
melanoma'?¢
Dec - —— 2014
Nivolumab
approved for
advanced
melanoma? Atezolizumab
approved for
2016 =—p=— metastatic
NSCLC!®
March -
Avelumab
approved for
metastatic
Merkel cell
carcinoma'®’;
May - —t— 2017
Durvalumab
approved for
metastatic
urothelial
carcinoma'?!
Cemiplimab
approved for
2018 ==F== | ctastatic
cutaneous
Sccl28
Phase 1B results
for nivolumab and
BMS-936559 use 2019
in sepsis'?+123

FIGURE 2 | Timeline of therapeutic applications of checkpoint inhibitor proteins.
This timeline includes the initial FDA approval for each of the approved
medications targeting checkpoint inhibitor proteins (PD-1, PD-L1, and CTLA-4), as
well as the publications of phase 1 clinical trial results for two of these medications
in septic patients.
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process such as cancer will also be demonstrated in the more acute
setting of sepsis.

CONCLUSIONS

Despite advances in knowledge about the mechanisms, diagnosis,
and management of sepsis, significant gaps remain in the setting of
neonatal sepsis, which continues to be a large burden on healthcare
globally. The differences between the neonatal and adult immune
response make it impossible to extrapolate findings in adult animals
or patients to neonates, and further work needs to be done to
understand how sepsis affects this population. Checkpoint inhibitor
proteins, such as PD-1, PD-L1, VISTA, and HVEM, have been
shown to play an important role in modulating the immune
response to sepsis in adults. Significantly less data exists for
neonates, providing an additional area for further research.
Current data suggests that these proteins may prove to be useful
for diagnosis, prognostication, and even treatment of septic patients,
but there is still more work to be done before this can be applied in
clinical practice.
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