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Age influences the circulating
immune profile in
pediatric sepsis
Grace Fisler1,2,3, Mariana R. Brewer1,3,4, Omar Yaipen5,
Clifford S. Deutschman1,2,3 and Matthew D. Taylor1,2,3*

1Cohen Children’s Medical Center, Northwell, New Hyde Park, NY, United States, 2Northwell, Division
of Pediatric Critical Care Medicine, New Hyde Park, NY, United States, 3Sepsis Research Laboratory,
Feinstein Institutes for Medical Research, Manhasset, NY, United States, 4Northwell, Division of
Neonatology, New Hyde Park, NY, United States, 5Department of Surgery, State University of New
York (SUNY) Upstate Medical University, Syracuse, NY, United States
Background: The immune response changes as patients age, yet studies on the

immune dysregulation of sepsis often do not consider age as a key variable.

Objective: We hypothesized that age would influence the immune response in

septic children and that there would be a distinct variation in the immune profile

in healthy children and children with either sepsis, uncomplicated infection, or

acute organ dysfunction without infection. We characterized the circulating

immune profile of children presenting to our tertiary care children’s hospital.

Methods: This investigation was a prospective, observational cohort study that

enrolled patients from July 2020 – September 2022. Patients were included if

they were < 21 years, admitted to the PICU, and received fluid resuscitation and

antibiotics. Peripheral blood mononuclear cells were isolated from samples

collected on PICU day 1.

Results: Eighty patients were enrolled. Children with sepsis had more regulatory

CD4+ T cells and memory CD4+ T cells and less CD4+IL-10+ and CD8+T-bet+ T

cells than healthy children. After ex vivo stimulation, sepsis samples had less of a

reduction in CD4+ T cells producing IL-10 than healthy controls. Memory CD4+ T

cells and regulatory CD4+ T cells were positively associated with age in

sepsis alone.

Conclusion: A regulatory T cell failure may contribute to pediatric sepsis

pathogenesis. Age is an important variable affecting sepsis-associated immune

dysregulation and memory T cells in peripheral circulation correlate with age in

sepsis alone.
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Introduction

Sepsis is defined as “life-threatening organ dysfunction caused

by a dysregulated host response to infection (1).” Treatment

remains limited to antibiotics and supportive care. Targeted

therapy of this deadly disorder has focused on modulation of the

immune component of the host response. Unfortunately, despite

promising data from animal models and results from small human

trials, the studied interventions have proven to be ineffective (2, 3).

One frequently cited explanation for these confounding and

disheartening results is the heterogeneous nature of sepsis (3–7).

Recent studies have sought to address this variability by examining

immune phenotypes, that is, patterns of expression of a small

number of related proteins. The hope is that specific patterns of

expression will identify subgroups more likely to respond to a given

treatment, as well as cohorts in which a response would not be

expected (8–12). Identifying patients for study entry using this

approach should enhance the value of data generated in clinical

trials. Immune phenotyping of pediatric sepsis is ongoing and ripe

for further research (13). Plasma biomarkers can be used to define

mortality risk in pediatric sepsis (14–16). Through application of

bulk immunology analyses, three immune phenotypes have been

described in children with severe sepsis (17, 18). There remains a

gap in understanding nuanced immune responses and

contributions from small percentages of circulating cells unable to

be quantified with bulk techniques that can be assessed by

flow cytometry.

The immune response to infection changes from the neonatal

period into adulthood. Studies have examined how age affects

immune responses in elderly patients; application of these

findings has provided insight into the septic response at advanced

ages (19, 20). In contrast, while the immune response changes

profoundly in children, the effects of the developmental process on

sepsis pathobiology has not been examined. We aim to understand

how age affects the immunologic changes that occur in

pediatric sepsis.

Sepsis is a syndrome defined by organ dysfunction and

infection, both of which can occur separately (21–24).

Contrasting patients with uncomplicated infection and acute

organ dysfunction without infection as patients age may further

our understanding of which components of sepsis-associated
Abbreviations: AOD, acute organ dysfunction; EDTA, Ethylenediaminetetraacetic

acid; ELISA, Enzyme Linked Immunosorbent Assay; G-CSF, Granulocyte Colony

Stimulating Factor; IFNg, Interferon-g; Io, Ionomycin; I-309, Inflammatory cytokine-

309; MIP-1a, Macrophage inflammatory protein-a; PBMC, peripheral blood

mononuclear cell; PDGF-AA, platelet derived growth factor AA; PDGF-BB, platelet

derived growth factor BB; PMA, phorbol myristate acetate; pSOFA, pediatric

sequential organ failure assessment; RANTES, regulated upon activation, normal T

cell expressed and secreted; REDCap, Research Electronic Data Capture; SOFA,

sequential organ failure assessment; T-bet, T-box transcription factor; TEMRA,

terminal effector memory T cells; TNFa, Tumor Necrosis Factor-a; TNF-b, Tumor

Necrosis Factor-b.
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immune dysregulation are unique to sepsis versus a common

process present in severe illness or in uncomplicated infection.

Here, we hypothesized that age would influence the immune

response of sepsis and that there would be a distinct variation in the

immune profile in healthy children and children with either sepsis,

uncomplicated infection, or acute organ dysfunction without

infection. To examine our hypothesis, we characterized the

peripheral blood mononuclear cell immune profile of children

presenting to our tertiary care children’s hospital in the four

described cohorts.
Materials and methods

This investigation was a prospective, observational, non-

interventional cohort study that enrolled patients from July 2020

– September 2022. The study was defined by the Northwell Health

Institutional Review Board as a minimal risk study (approved 3/27/

2020, #20-0191-CCMC). Study protocols were in accordance with

the Nuremberg Code and with the Helsinki Declaration of 1975.

Patients met inclusion criteria if they were <21 years old,

received fluid resuscitation (≥20cc/kg intravenous crystalloid

fluid) and/or vasoactive medications, and received antibiotics,

indicating a clinical suspicion for infection. Patients were

excluded if admitted after scheduled surgery or if they were

COVID PCR+, as institutional restrictions at study onset

precluded handling of COVID+ peripheral blood samples.

Patients were approached when study personnel were available

for informed consent and, when appropriate, assent, within 48

hours of admission. Waste blood was collected and placed

immediately into EDTA coated tubes on PICU days 1, 3 (48-

72hrs after Day 1) and 7. Clinical variables were collected from

the medical record and managed using REDCap electronic data

capture tools (25, 26).

The pediatric Sequential Organ Failure Assessment (pSOFA)

score was used as a proxy for organ dysfunction (1, 27). Patients

were assigned a baseline pSOFA in accordance with their chronic

state. A change in pSOFA≥2 was used to identify acute organ

dysfunction. This criterion replicates the adult Sepsis-3 criteria with

modifications to account for age-specific pediatric and neonatal

norms (1, 27). Infection was identified using the following criteria:

presence of an organism in blood or urine culture; radiographically

confirmed pneumonia; presence of both an organism and

neutrophilic infiltration in a specimen obtained from an

endotracheal tube or tracheostomy; or viral antigen positivity. In

the absence of any of these criteria, a patient prescribed antibiotics

for greater than 48 hours had a high clinical suspicion for culture-

negative sepsis and was included in the sepsis study cohort. After

enrollment was complete, patients were identified as members of

one of three cohorts: sepsis (infection + acute organ dysfunction),

uncomplicated infection (infection without organ dysfunction), and

acute organ dysfunction without infection (AOD). Healthy patients

seen in our presurgical testing clinic whose blood was drawn for

perioperative testing were recruited to comprise our healthy

control cohort.
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Characterization of immune cell
subpopulations and plasma
cytokine concentrations

Blood was stored at room temperature for up to 12 hours prior

to processing. Peripheral blood mononuclear cells (PBMCs) were

isolated, counted using a hemocytometer, and frozen in freezing

media at -80°C. When sufficient samples were collected, PBMCs

were thawed, washed, and stained with fluorochrome-labelled

antibodies. An aliquot of PBMCs from each patient was

stimulated ex vivo as described below.

Cells were stained with LIVE/DEAD fixable viability dye (Life

Technologies, Carlsbad CA); samples were plated in duplicate and

stained with either a 20-antibody panel for T cell markers or for

innate and B cell markers. Intracellular markers (CD68, FoxP3,

Granzyme B, IL-10, IL-17A, IFNg, T-bet, TNFa) were applied after

samples were fixed and permeabilized. Stained cells were stored at

4°C for up to 7 days. Flow cytometry was performed on a BD LSR

Symphony 23-color cell analyzer (BD Biosciences, San Jose CA).

The gating strategy can be referenced in the supplement. Results

were analyzed using FlowJo software v10.1 (BD Bioscience, San

Jose, CA). Cell counts were determined using the white blood cell

count when available from the electronic medical record on the day

of sample collection.

Levels of plasma cytokines from Day 1 plasma samples,

collected and stored at -80°C, were determined using multiplex

ELISA (Eve Technologies, Calgary, Alberta, Canada).
Response to stimulation

The reserved aliquot of PBMCs noted above was stimulated

with phorbol myristate acetate (50ng/ml, PMA) and ionomycin

(1.5uM, Io) for three hours at 37°C in 5% CO2. The reaction

mixture included Brefeldin A (2ug/ml, BD Biosciences, San Jose,

CA) to inhibit cytokine secretion to increase flow cytometry

sensitivity for intracellular cytokine production (28, 29). After

incubation, these cells underwent staining and analysis as

described above. All stimulation assays were performed alongside

a control without stimulation, as previously described (30).
Statistical analysis

Categorical data were expressed as frequency (percent) and

continuous data as mean (standard deviation) or median

(interquartile range). Analyses were performed using GraphPad

PRISM 9. We used Kruskal-Wallis test with Dunn’s correction for

multiple comparisons to compare subpopulations in different cohorts

with healthy controls. To examine relationships between stimulation

(yes/no) and sepsis vs healthy cohort, the stimulated samples were

subjected to a mixed effect analysis. For analysis of the relationship

between subpopulations within a given cohort with subject age, simple

linear regression was used. For plasma cytokine analysis, values out of

range were assigned the upper or lower limit of the assay. Cytokine

values that failed normality based on D’Agostino and Pearson Test
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Cytokine values were analyzed between the four cohorts via one-way

ANOVA with Dunnet correction for multiple comparisons of each

cohort to the healthy cohort. The sepsis and healthy cohorts were

categorized by age (>5 years or ≦5 years) and two-way ANOVA was

used to compare plasma cytokine levels. Age of 5 years was used to

divide patients by prior to and following adrenarche (31). Plasma

cytokine levels that were significantly different on initial one-way

ANOVA were included in this analysis.
Results

A total of 80 patients were enrolled in the study. Characteristics

of the four cohorts are detailed in Table 1. There were more males

enrolled across all cohorts, most notably in the uncomplicated

infection group.
Plasma levels of cytokines that activate the
adaptive immune system were higher in
sepsis patients

Figure 1 represents cytokines that differed among cohorts.

Several cytokines were uniquely different between healthy and

sepsis cohorts. Cytokines known to activate the adaptive immune

system were generally higher in sepsis compared to the healthy

cohort, including RANTES (p=0.01), G-CSF (p<0.0001), M-CSF

(p<0.0001), IL-6 (p<0.0001), IL-8 (p<0.0001), IL-27 (p<0.0001),

and MIP-1b (p<0.0001) (32–36). Markers of an IFNg response were
higher in sepsis than in healthy patients, including IL-18 (p=0.02)

which increases IFNg production and MIG (p<0.0001), an IFNg
inducible chemockine (37–40).

IL-10 level was higher in sepsis (p<0.0001) and AOD (p=0.02)

compared to the healthy control cohort. IL-10 promotes regulatory

T cells, playing a counter-regulatory role to host inflammatory

response (41).

Plasma concentrations of IL-17A (p=0.03) were higher in

patients with uncomplicated infection than in healthy controls.

IL-17A is produced by T cells and induces macrophage and

neutrophil production of cytokines which in turn further activates

the innate immune response. Levels of this cytokine in the sepsis

and healthy cohorts were not statistically distinguishable.

Compared to healthy patients, those with uncomplicated infection

had higher levels of PDGF-AA (p=0.02), a cytokine known to

dampen the immune response, and MDC (p=0.04), a chemokine

known to promote neutrophil recruitment (42, 43).
Cohorts with organ dysfunction
had lower proportion of pro-
inflammatory monocytes

Cytokines may drive immune cellular response or be reflective

of those responses. To investigate the cellular immune response to

sepsis, PBMCs were examined by flow cytometry. On day 1, total
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numbers of neutrophils (CD11b+, HLA-DR+/CD66b+, CD64+) and

monocytes (CD11b+, HLA-DR+/CD14+) were higher in patients

with AOD than the numbers in healthy patients (p=0.004 and

p=0.02, respectively). Monocytes can be characterized by CD16

expression for inflammatory responses. Healthy patients had higher
Frontiers in Immunology 04
percentages of pro-inflammatory monocytes (CD16-) as a

percentage of the peripheral blood mononuclear cell population

than did those patients with AOD (p=0.02) or sepsis (p=0.007).

Monocytes that were CD206- and CD163+ were present in higher

proportion in patients with sepsis (p=0.01) (Figure 2).
FIGURE 1

Differences between Plasma Cytokines on Day 1 Between Cohorts Differences in plasma cytokines by Kruskal Wallis with multiple comparisons to
healthy cohort. Concentrations are in pg/mL unless otherwise noted. Each dot represents one patient, bars are mean, lines are 95% confidence
interval. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
TABLE 1 demographics of study patients.

Healthy (n=33)
Uncomplicated
Infection (n=8)

Acute Organ
Dysfunction (n=13) Sepsis (n=27)

Age yrs (median, IQR) 10.5 (6.4-15.0) 10.1 (7.1-18.1) 12.3 (7.5-15.7) 13.1 (2.4-16.2)

Female Sex, n (%) 13 (39) 1 (13) 4 (31) 12 (44)

PICU LOS days (median, IQR) 3.5 (2.6-8.0) 4.5 (2.1-10.3) 7.8 (2.9-15.7)

Hospital LOS (median, IQR) 5.7 (2.8-10.9) 7.7 (3.1-14.4) 14.6 (7.8-25.5)

pSOFA (median, IQR) (1) 0.5 (0-1) 3 (2.5-4) 3 (2-5)

Source of Infection, n (%)

Bacteremia 3 (38) 8 (30)

Respiratory(2) 1 (13) 5 (19)

Urine 0 2 (7)

Peritonitis 1 (13) 2 (7)

Viral 0 3 (11)

Culture-Negative 3 (38) 7 (26)

Pre-existing conditions, n (%)

Malignancy 0 2 (15) 6 (22)

Immunodeficiency 0 0 0

Autoimmune Disease 1 (13) 0 3 (11)

Transplant Recipient 1 (13) 0 3 (11)
(1) pSOFA on enrollment less their baseline pSOFA.
Defined as positive endotracheal/tracheostomy culture with evidence of inflammation or pneumonia.
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Sepsis was characterized by less central
memory CD4 and CD8 T cells, higher
TEMRA CD8 T cells, and lower central
memory CD8 T cells

There were no differences in the total circulating CD4+ or CD8+

T cell numbers between cohorts. AOD patients had a lower

percentage of CD4+ T cells as a percentage of circulating live cells

compared to healthy patients (p=0.04). There were no differences in

naïve CD4+ or CD8+ T cells between cohorts. Circulating memory

T cells allow for a prompt response to an antigen that the host has

previously encountered (44). On Day 1 of admission, there were

differences in total circulating numbers of central, effector, and

terminal effector memory (TEMRA) CD4+ and CD8+ T cells (45).

Specifically, patients with AOD had less TEMRA (CCR7-/

CD45RA+) CD4+ T cells than healthy (p=0.02). The healthy and

sepsis cohorts had several differences. There were less central

memory (CCR7+/CD45RA-) CD4+ and CD8+ T cells in sepsis

compared to healthy (p=0.02 and 0.04, respectively). Sepsis

patients had a higher number of circulating TEMRA CD8+ T cells

compared to healthy (p=0.02). The percentage of TEMRA CD8+ T

cells as a percentage of CD8+ T cells was lower in healthy patients

than in sepsis (p=0.009) or in uncomplicated infection (p=0.04).

The percentage of central memory CD8+ T cells was lower in sepsis

compared to the healthy cohort (p=0.02). Figure 3 summarizes

these results.
Frontiers in Immunology 05
T-bet promotes the differentiation of effector CD8+ T cells from

central memory T cells (46). In the sepsis cohort, a lower percentage

of CD8+ T cells expressed T-bet than in healthy controls (12% vs

27%, p<0.001).
Sepsis patients had a higher proportion of
regulatory CD4+ T cells, a lower
proportion of CD4+ T cells producing IL-
10, and were less able to alter IL-10
production after ex vivo stimulation

The sepsis cohort, compared to healthy, had a higher

proportion on Day 1 of CD4+ T cells expressing regulatory

markers (CD45RA+/FoxP3+) (22% vs 12% of CD4+, p=0.01). The

sepsis cohort, compared to healthy, had a lower proportion of CD4+

T cells producing IL-10 without ex vivo stimulation (p=0.01). IL-10

limits the host response and is often produced by regulatory T cells.

IL-10+ regulatory T cells were present in lower proportions in sepsis

patients compared to the proportion present in the healthy cohort

(Figure 4, p=0.04).

Ex vivo cytokine production in response to stimulation

represents the cellular capacity to respond to a new challenge.

Without stimulation, patients in the sepsis cohort had a lower

proportion of CD4+ T cells producing IL-10 than did healthy

controls. Both healthy and sepsis cohorts had a reduction in
FIGURE 2

Differences between Innate Subpopulations in those with Sepsis, Acute Organ Dysfunction without Infection, Uncomplicated Infection, and Healthy
Children Differences in innate subpopulations by Kruskal Wallis with Dunn correction for multiple comparisons to healthy cohort. Each dot
represents one patient, bars are mean, lines are 95% confidence interval. *p<0.05, **p<0.01.
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CD4+IL10+ T cells after stimulation; this reduction was more

pronounced in healthy patients compared to sepsis patients

(stimulation effect 7% of variation p<0.001, cohort effect 18% of

variation p=0.001, stimulation by cohort effect 3% of

variation p=0.029).
Proportions of memory and regulatory T
cells correlate with patient age in sepsis

In comparing healthy and sepsis cohorts, older age and sepsis

were both associated with higher Granulocyte Colony Stimulating

Factor (G-CSF) levels. G-CSF level was influenced by both sepsis

and age (<5 years vs >=5years) (interaction p=0.007; age p=0.009;

sepsis presence p>0.001). Older age and sepsis presence were both

associated with higher IL-6 levels. Sepsis presence and older age

influenced the level of IL-6 (age p=0.035; sepsis presence p>0.0001).

Older age and sepsis presence were both associated with higher IL-8

levels. Presence of sepsis and older age influenced the level of IL-8

(age p=0.032; sepsis presence p>0.0001). Presence of sepsis and

older age influenced the level of IL-27 (interaction 3% p=0.056; age

p=0.009; sepsis presence p>0.0001). Platelet derived growth factor

(PDGF)-AA (p=0.018) and PDGF-BB (p=0.015) were both affected

by the interaction between age and sepsis (Figure 5). PDGF is

produced by several cells including regulatory T cells and serves to

modulate T cell behavior, enhancing IL-2 production and
Frontiers in Immunology 06
decreasing the production of several pro-inflammatory cytokines.

This effect on cytokines suggests PDGF serves to dampen the

immune response (43, 47, 48).

The magnitude of several of the adaptive immune

subpopulations on Day 1 samples in the sepsis cohort correlated

with patient age (Figure 6). In sepsis, age positively correlated with

the percent of CD4+ cells that were regulatory (CD45RA+FoxP3+),

r2 = 0.32, p=0.002. The regulatory CD4+ population in the other

cohorts had no correlation with age. Age positively correlated with

the percent of central memory CD4+ (CCR7+CD45RA-) T cells in

sepsis (r2 = 0.36, p=0.001) and AOD (r2 = 0.46, p=0.01). Healthy

patients did not have a correlation with the percent of central

memory CD4+ T cells and age. Age was inversely correlated with the

percent of naïve (CCR7+/CD45RA+) CD4+ T cells in AOD (r2 =

0.49, p=0.008) and sepsis (r2 = 0.19, p=0.024). Age inversely

correlated with the percentage of CD8+ T cells positive for IFNg
in sepsis alone (r2 = 0.16, p=0.04) and the percentage of CD8+ T

cells positive for TNFa in sepsis alone (r2 = 0.22, p=0.013).
Discussion

Main findings

In our study of pediatric sepsis, we found that the magnitudes of

the regulatory and central memory T cell responses increase as
FIGURE 3

Differences between Naïve and Memory T Cell Subpopulations in those with Sepsis, Acute Organ Dysfunction without Infection, Uncomplicated
Infection, and Healthy Children Differences in naïve and memory T cell subpopulations by Kruskal Wallis with Dunn correction for multiple
comparisons to healthy cohort. Each dot represents one patient, bars are mean, lines are 95% confidence interval. *p<0.05, ***p<0.001.
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children age. Age was associated with several differences in

peripheral blood cytokine levels, indicating that patients following

adrenarche presented with higher levels of pro-inflammatory

cytokines. PDGF, a cytokine produced by regulatory T cells to

dampen the immune response, was higher in younger sepsis

patients (47, 48). Younger patients had a higher proportion of

circulating naïve T cells, but also had lower numbers of regulatory
Frontiers in Immunology 07
and memory T cells. These observations suggest that older children

may mount a more pro-inflammatory response to sepsis that may

be shaped by T cell immunity and that age is an important variable

influencing immune dysregulation in sepsis.

T-bet promotes the differentiation of effector CD8+ T cells from

central memory cells (46); both CD8+ central memory and

CD8+Tbet+ T cells were lower in sepsis patients compared to
FIGURE 4

Differences in Regulatory and IL-10 producing CD4+ T Cells at Rest and After ex vivo Stimulation Between Cohorts Differences in circulating
Regulatory CD4+ T Cells and IL-10 producing CD4+ T cells between cohorts, compared via Kruskal Wallis with Dunn correction for multiple
comparisons to healthy cohort. Also shown is the response to stimulation between the healthy and sepsis cohorts: two-way ANOVA with variables
of stimulation (yes/no) and cohort (healthy/sepsis) shows that stimulation and cohort effect percentage of CD4+IL10+ cells present. Each dot
represents one patient, bars are mean, lines are 95% confidence interval. *p<0.05, **p<0.01.
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healthy. Sepsis patients had higher regulatory CD4+ T cells but an

overall more pro-inflammatory plasma cytokine milieu and higher

levels of TEMRA CD8+ T cells. Further, CD4+IL10+ T cells,

including IL10+ regulatory CD4 T cells, were lower in sepsis

compared to healthy patients. These cells were also less functional

in sepsis: after stimulating PBMC’s ex vivo with PMA/Io, only

healthy samples had a statistically significant reduction in

CD4+IL10+ T cells. This differential response suggests the sepsis

patients had already mounted a full response and had reduced their

IL-10 production, so therefore were unable mount a full response
Frontiers in Immunology 08
on subsequent ex vivo stimulation. These observations suggest

either a failure of the regulatory T cell compartment in sepsis or a

bias toward a more pro-inflammatory response. This may

contribute to overall immune dysregulation.
Relationship to prior literature

A recent pediatric study found more TEMRA CD4+ T cells in

sepsis patients, which is comparable to our finding of more TEMRA
FIGURE 5

Differences in Select Plasma Cytokine Concentrations Based on Age and Disease State Differences in select plasma cytokine concentrations by Two-
Way ANOVA with variables of age (<5yrs, >=5yrs) and cohort (healthy, sepsis). Each dot represents one patient, bars are mean, lines are 95%
confidence interval. *significant for age; #significant for sepsis; ^significant for interaction between age and sepsis Significance defined as p<0.05.
Young=<5yrs; Old>=5yrs.
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CD8+ T cells in sepsis (49). This study was smaller, limiting

comparisons over age, and lacked a healthy cohort. A post-mortem

study of sepsis patients demonstrated that spleen and lung tissue

showed a decrease in both pro-inflammatory and anti-inflammatory

cytokine production and upregulation of inhibitory ligands, though

this associated with high levels of several markers of T cell activation.

These results suggest multiple mechanisms of immune dysregulation

in sepsis characterized by both altered cytokine production and

decreased host ability to respond to circulating cytokines (50). Our

study on PBMCs and plasma from living sepsis patients showed

higher levels of many circulating cytokines, predominantly those that

are pro-inflammatory (32–36, 51).

There were less IL-10 producing CD4+ T cells in sepsis patients

and the ones that were present were less able to respond to ex vivo

stimulation than their healthy counterparts, which is somewhat

congruent with other sepsis observations of a regulatory T cell

compartment failure (52). There are also reports of an augmented
Frontiers in Immunology 09
regulatory T cell compartment in adults with sepsis and septic shock,

so perhaps the regulatory T cell compartment failure we observed is

unique to children, or perhaps, our early timepoint captured a more

acute phase of the sepsis response (52, 53). These studies failed to

examine direct T cell intracellular IL-10 production which may further

contribute to variation in our observations. This is an important area

of future study as a failure of T cell IL-10 productionmay contribute to

the immune dysregulation observed in sepsis.

Understanding immunologic changes over age may provide

insight into the differences in immunity that may shape the immune

response to neonatal and pediatric sepsis. Following birth, neonates

are exposed to a natural environment allowing T cell memory to

develop in response to multiple childhood viral and bacterial

exposures. Our observation that memory CD4 T cells increase in

sepsis as patients age is somewhat congruent with murine studies

that show changes in the T cell memory compartment after

exposure to a non-sterile environment (54–58).
FIGURE 6

Relationship between Age and Select Subpopulations of the Adaptive Immune System Relationship between age and select subpopulations by
simple linear regression. Each dot is one patient. Solid lines are linear regression. Dotted lines are 95% confidence interval. *p<0.05; **p<0.01.
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Implication of findings

Based on our observations, we propose that a possible

mechanism of immune dysregulation in early pediatric sepsis

involves a primary failure of the CD4 T cell regulatory response

leading to an increased CD8 effector T cell response, altering the

monocyte response. Through cell to cell and cytokine interactions,

this increased CD8 effector T cell response contributes to systemic

immune activation and organ dysfunction. This proposed

mechanism requires further testing with mechanistic studies but

could support clinical changes in the sepsis response that have been

noted as neonates age through childhood to adulthood.

Augmentation of the regulatory T cell response in older children

represents a potential therapeutic target if our results can

be replicated.

We performed several analyses with age as a variable to test our

hypothesis that age impacts the immune response to sepsis.

Interestingly, we found that age positively correlated with the

percent of CD4+ central memory T cells in both sepsis and acute

organ dysfunction. Age was also inversely correlated with the

proportion of naïve CD4+ T cells in both sepsis and acute organ

dysfunction. These findings suggest that a change in T cell

phenotypes contributes to organ dysfunction regardless of the

presence of infection. A relationship between age and memory

and naïve T cell populations and how these variables influence

organ dysfunction requires further investigation.

Our observations suggest that older children mount a more pro-

inflammatory response to sepsis and that age is an important

variable in the immune dysregulation of sepsis. We have also

identified several aspects of the immune response which may

drive these differences and warrant future study. Sepsis has a

varied clinical presentation and disease course based on patient

age, with neonates, younger children, older children, and adults all

behaving differently. Further study into the differences in immune

dysregulation over age may assist with therapeutic investigations

targeting specific immune components based on patient age.

Further, given the differing clinical variation between neonates,

children and adults, specific immunologic manifestations that are

detrimental to one group may be beneficial to another. Our work is

the first step in understanding these concepts.
Limitations and strengths

Sepsis is a heterogenous disease, and in this limited cohort we

were unable to sub-analyze our data based on inciting organism,

which is likely an important variable (49). Other variables we intend

to explore in future studies but were unable to include in this

multivariable model include comorbidities and steroid use. Larger

patient pools are needed to compare the correlation between age and

immune subpopulations between the four study cohorts. We could

not control when in the disease course a child presented to the

hospital, so wemay be including samples of both early andmid-sepsis

time points. Only one time point, Day 1, was analyzed because

sufficient Day 3 and Day 7 samples were not available due to either

quick improvement or early mortality of pediatric sepsis patients.
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A notable strength of this study compared to other pediatric

observational studies is our unique use of three comparison groups.

We observed that those with sepsis, uncomplicated infection, and acute

organ dysfunction without infection share several characteristics. We

also observed several important differences that may provide

mechanistic insights into distinctions between these processes. A

further strength of our study was that our healthy cohort was not

hospitalized and unexposed to anesthesia, so we believe is representative

of the unstimulated immune state (59). Finally, our use of ex vivo

stimulation allowed us to gain functional information concerning the T

cell immune response to pair with our in vivo data, extending our ability

to comment on potential mechanisms of sepsis biology.
Conclusions

Our data suggests that age is an important variable affecting sepsis-

associated immune dysregulation. Further investigation of changes

over age may provide insight into both the adult immune response to

sepsis and into differences in immunity that may impact neonatal and

pediatric sepsis presentation and responses to therapy. The immune

dysregulation in children may be characterized by a failure of the

regulatory T cell compartment, and more research is warranted as we

move to an era of individualized sepsis therapy. Finally, comparison of

the sepsis immune response to uncomplicated infection and acute

organ dysfunction may provide further mechanistic insights into these

common conditions which impact our patients.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving humans were approved by Northwell

Health Institutional Review Board. The studies were conducted in

accordance with the local legislation and institutional requirements.

Written informed consent for participation in this study was

provided by the participants’ legal guardians/next of kin.
Author contributions

GF: Conceptualization, Data curation, Formal Analysis,

Investigation, Methodology, Project administration, Visualization,

Writing – original draft, Writing – review & editing. MB:

Conceptualization, Methodology, Supervision, Writing – review &

editing. OY: Data curation, Investigation, Methodology, Writing –

review & editing. CD: Conceptualization, Investigation,

Methodology, Project administration, Writing – review & editing.

MT: Conceptualization, Data curation, Formal Analysis, Funding

acquisition, Methodology, Project administration, Resources,

Supervision, Writing – original draft, Writing – review & editing.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1527142
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Fisler et al. 10.3389/fimmu.2025.1527142
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. MT received

a grant through the National Institute of General Medicine, K08

NIH GM132794.
Acknowledgments

We would like to acknowledge Andrea Connelly for assistance

in recruiting and enrolling patients. Finally, we would like to thank

all the patients and their families for participating in this study,

without whom this research would not be possible.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Frontiers in Immunology 11
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.

1527142/full#supplementary-material
References
1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M,
et al. The third international consensus definitions for sepsis and septic shock (Sepsis-
3). JAMA. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

2. Bjornstad EC, Marshall SW, Mottl AK, Gibson K, Golightly YM, Charles A, et al.
Racial and health insurance disparities in pediatric acute kidney injury in the USA.
Pediatr Nephrol. (2020) 35:1085–96. doi: 10.1007/s00467-020-04470-1

3. Cavaillon JM, Singer M, Skirecki T. Sepsis therapies: learning from 30 years of
failure of translational research to propose new leads. EMBO Mol Med. (2020) 12:
e10128. doi: 10.15252/emmm.201810128

4. Mosevoll KA, Hansen BA, Gundersen IM, Reikvam H, Bruserud O, Bruserud O,
et al. Patients with bacterial sepsis are heterogeneous with regard to their systemic
lipidomic profiles. Metabolites. (2022) 13:3–21. doi: 10.3390/metabo13010052

5. Pro CI, Yealy DM, Kellum JA, Huang DT, Barnato AE, Weissfeld LA, et al. A
randomized trial of protocol-based care for early septic shock. N Engl J Med. (2014)
370:1683–93. doi: 10.1056/NEJMoa1401602

6. Sanchez-Pinto LN, Bennett TD, DeWitt PE, Russell S, Rebull MN, Martin B, et al.
Development and validation of the phoenix criteria for pediatric sepsis and septic
shock. JAMA. (2024) 331:675–86. doi: 10.1001/jama.2024.0196

7. Seymour CW, Liu VX, Iwashyna TJ, Brunkhorst FM, Rea TD, Scherag A, et al.
Assessment of clinical criteria for sepsis: for the third international consensus
definitions for sepsis and septic shock (Sepsis-3). JAMA. (2016) 315:762–74.
doi: 10.1001/jama.2016.0288

8. Calfee CS, Delucchi K, Parsons PE, Thompson BT, Ware LB, Matthay MA, et al.
Subphenotypes in acute respiratory distress syndrome: latent class analysis of data from
two randomised controlled trials. Lancet Respir Med. (2014) 2:611–20. doi: 10.1016/
S2213-2600(14)70097-9

9. Zhang S, Wu Z, ChangW, Liu F, Xie J, Yang Y, et al. Classification of patients with
sepsis according to immune cell characteristics: A bioinformatic analysis of two cohort
studies. Front Med (Lausanne). (2020) 7:598652. doi: 10.3389/fmed.2020.598652

10. Sinha P, Meyer NJ, Calfee CS. Biological phenotyping in sepsis and acute
respiratory distress syndrome. Annu Rev Med. (2023) 74:457–71. doi: 10.1146/
annurev-med-043021-014005

11. Mazer MB, CC C, Hanson J, Mannion D, Turnbull IR, Drewry A, et al. A whole
blood enzyme-linked immunospot assay for functional immune endotyping of septic
patients. J Immunol. (2021) 206:23–36. doi: 10.4049/jimmunol.2001088

12. Wang Y, Gloss B, Tang B, Dervish S, Santner-Nanan B, Whitehead C, et al.
Immunophenotyping of peripheral blood mononuclear cells in septic shock patients
with high-dimensional flow cytometry analysis reveals two subgroups with differential
responses to immunostimulant drugs. Front Immunol. (2021) 12:634127. doi: 10.3389/
fimmu.2021.634127
13. Bline KE, Hall MW. Immune function in critically ill septic children. Pathogens.
(2021) 10:1–10. doi: 10.3390/pathogens10101239

14. Alder MN, Lindsell CJ, Wong HR. The pediatric sepsis biomarker risk model:
potential implications for sepsis therapy and biology. Expert Rev Anti Infect Ther.
(2014) 12:809–16. doi: 10.1586/14787210.2014.912131

15. Wong HR, Cvijanovich NZ, Anas N, Allen GL, Thomas NJ, Bigham MT, et al.
Pediatric sepsis biomarker risk model-II: redefining the pediatric sepsis biomarker risk
model with septic shock phenotype. Crit Care Med. (2016) 44:2010–7. doi: 10.1097/
CCM.0000000000001852

16. Wong HR, Salisbury S, Xiao Q, Cvijanovich NZ, Hall M, Allen GL, et al. The
pediatric sepsis biomarker risk model. Crit Care. (2012) 16:R174. doi: 10.1186/cc11652

17. Carcillo JA, Berg RA, Wessel D, Pollack M, Meert K, Hall M, et al. A multicenter
network assessment of three inflammation phenotypes in pediatric sepsis-induced
multiple organ failure. Pediatr Crit Care Med. (2019) 20:1137–46. doi: 10.1097/
PCC.0000000000002105

18. Carcillo JA, Podd B, Aneja R, Weiss SL, Hall MW, Cornell TT, et al.
Pathophysiology of pediatric multiple organ dysfunction syndrome. Pediatr Crit
Care Med. (2017) 18:S32–45. doi: 10.1097/PCC.0000000000001052

19. Martin S, Perez A, Aldecoa C. Sepsis and immunosenescence in the elderly
patient: A review. Front Med (Lausanne). (2017) 4:20. doi: 10.3389/fmed.2017.00020

20. Oishi K, Horiuchi S, Frere J, Schwartz RE, tenOever BR. A diminished immune
response underlies age-related SARS-CoV-2 pathologies. Cell Rep. (2022) 39:111002.
doi: 10.1016/j.celrep.2022.111002

21. Cole E, Gillespie S, Vulliamy P, Brohi K. Organ Dysfunction in Trauma study c.
Multiple organ dysfunction after trauma. Br J Surg. (2020) 107:402–12. doi: 10.1002/
bjs.11361

22. Krishnamoorthy V, Komisarow JM, Laskowitz DT, Vavilala MS. Multiorgan
dysfunction after severe traumatic brain injury: epidemiology, mechanisms, and
clinical management. Chest. (2021) 160:956–64. doi: 10.1016/j.chest.2021.01.016

23. Nguyen LN, Nguyen TG. Characteristics and outcomes of multiple organ
dysfunction syndrome among severe-burn patients. Burns. (2009) 35:937–41.
doi: 10.1016/j.burns.2009.04.015

24. Osuka A, Ogura H, Ueyama M, Shimazu T, Lederer JA. Immune response to
traumatic injury: harmony and discordance of immune system homeostasis. Acute Med
Surg. (2014) 1:63–9. doi: 10.1002/ams2.2014.1.issue-2

25. Harris PA, Taylor R, Minor BL, Elliott V, Fernandez M, O'Neal L, et al. The
REDCap consortium: Building an international community of software platform
partners. J BioMed Inform. (2019) 95:103208. doi: 10.1016/j.jbi.2019.103208

26. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research
electronic data capture (REDCap)–a metadata-driven methodology and workflow
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1527142/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1527142/full#supplementary-material
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1007/s00467-020-04470-1
https://doi.org/10.15252/emmm.201810128
https://doi.org/10.3390/metabo13010052
https://doi.org/10.1056/NEJMoa1401602
https://doi.org/10.1001/jama.2024.0196
https://doi.org/10.1001/jama.2016.0288
https://doi.org/10.1016/S2213-2600(14)70097-9
https://doi.org/10.1016/S2213-2600(14)70097-9
https://doi.org/10.3389/fmed.2020.598652
https://doi.org/10.1146/annurev-med-043021-014005
https://doi.org/10.1146/annurev-med-043021-014005
https://doi.org/10.4049/jimmunol.2001088
https://doi.org/10.3389/fimmu.2021.634127
https://doi.org/10.3389/fimmu.2021.634127
https://doi.org/10.3390/pathogens10101239
https://doi.org/10.1586/14787210.2014.912131
https://doi.org/10.1097/CCM.0000000000001852
https://doi.org/10.1097/CCM.0000000000001852
https://doi.org/10.1186/cc11652
https://doi.org/10.1097/PCC.0000000000002105
https://doi.org/10.1097/PCC.0000000000002105
https://doi.org/10.1097/PCC.0000000000001052
https://doi.org/10.3389/fmed.2017.00020
https://doi.org/10.1016/j.celrep.2022.111002
https://doi.org/10.1002/bjs.11361
https://doi.org/10.1002/bjs.11361
https://doi.org/10.1016/j.chest.2021.01.016
https://doi.org/10.1016/j.burns.2009.04.015
https://doi.org/10.1002/ams2.2014.1.issue-2
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.3389/fimmu.2025.1527142
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Fisler et al. 10.3389/fimmu.2025.1527142
process for providing translational research informatics support. J BioMed Inform.
(2009) 42:377–81. doi: 10.1016/j.jbi.2008.08.010

27. Matics TJ, Sanchez-Pinto LN. Adaptation and validation of a pediatric
sequential organ failure assessment score and evaluation of the sepsis-3 definitions
in critically ill children. JAMA Pediatr. (2017) 171:e172352. doi: 10.1001/
jamapediatrics.2017.2352

28. Ai W, Li H, Song N, Li L, Chen H. Optimal method to stimulate cytokine
production and its use in immunotoxicity assessment. Int J Environ Res Public Health.
(2013) 10:3834–42. doi: 10.3390/ijerph10093834

29. Kovacs SB, Oh C, Aachoui Y, Miao EA. Evaluating cytokine production by flow
cytometry using brefeldin A in mice. STAR Protoc. (2021) 2:100244. doi: 10.1016/
j.xpro.2020.100244

30. Taylor MD, Burn TN, Wherry EJ, Behrens EM. CD8 T cell memory increases
immunopathology in the perforin-deficient model of hemophagocytic
lymphohistiocytosis secondary to TNF-alpha. Immunohorizons. (2018) 2:67–73.
doi: 10.4049/immunohorizons.1800003

31. Witchel SF, Pinto B, Burghard AC, Oberfield SE. Update on adrenarche. Curr
Opin Pediatr. (2020) 32:574–81. doi: 10.1097/MOP.0000000000000928

32. Schall TJ, Bacon K, Toy KJ, Goeddel DV. Selective attraction of monocytes and T
lymphocytes of the memory phenotype by cytokine RANTES. Nature. (1990) 347:669–
71. doi: 10.1038/347669a0

33. Rose-John S, Winthrop K, Calabrese L. The role of IL-6 in host defence against
infections: immunobiology and clinical implications. Nat Rev Rheumatol. (2017)
13:399–409. doi: 10.1038/nrrheum.2017.83

34. Carl JW, Bai XF. IL27: its roles in the induction and inhibition of inflammation.
Int J Clin Exp Pathol. (2008) 1:117–23.

35. Panopoulos AD, Watowich SS. Granulocyte colony-stimulating factor:
molecular mechanisms of action during steady state and 'emergency' hematopoiesis.
Cytokine. (2008) 42:277–88. doi: 10.1016/j.cyto.2008.03.002

36. Bernhard S, Hug S, Stratmann AEP, Erber M, Vidoni L, Knapp CL, et al.
Interleukin 8 elicits rapid physiological changes in neutrophils that are altered by
inflammatory conditions. J Innate Immun. (2021) 13:225–41. doi: 10.1159/000514885

37. Lee H, Park SH, Shin EC. IL-15 in T-cell responses and immunopathogenesis.
Immune Netw. (2024) 24:e11. doi: 10.4110/in.2024.24.e11

38. Nakanishi K. Unique action of interleukin-18 on T cells and other immune cells.
Front Immunol. (2018) 9:763. doi: 10.3389/fimmu.2018.00763

39. Berthoud TK, Dunachie SJ, Todryk S, Hill AV, Fletcher HA. MIG (CXCL9) is a
more sensitive measure than IFN-gamma of vaccine induced T-cell responses in
volunteers receiving investigated malaria vaccines. J Immunol Methods. (2009)
340:33–41. doi: 10.1016/j.jim.2008.09.021

40. Ha SJ, Lee CH, Lee SB, Kim CM, Jang KL, Shin HS, et al. A novel function of IL-
12p40 as a chemotactic molecule for macrophages. J Immunol. (1999) 163:2902–8.
doi: 10.4049/jimmunol.163.5.2902

41. Iyer SS, Cheng G. Role of interleukin 10 transcriptional regulation in
inflammation and autoimmune disease. Crit Rev Immunol. (2012) 32:23–63.
doi: 10.1615/CritRevImmunol.v32.i1.30

42. Richter JR, Sutton JM, Belizaire RM, Friend LA, Schuster RM, Johannigman TA,
et al. Macrophage-derived chemokine (CCL22) is a novel mediator of lung
inflammation following hemorrhage and resuscitation. Shock. (2014) 42:525–31.
doi: 10.1097/SHK.0000000000000253
Frontiers in Immunology 12
43. Daynes RA, Dowell T, Araneo BA. Platelet-derived growth factor is a potent biologic
response modifier of T cells. J Exp Med. (1991) 174:1323–33. doi: 10.1084/jem.174.6.1323

44. Dutton RW, Bradley LM, Swain SL. T cell memory. Annu Rev Immunol. (1998)
16:201–23. doi: 10.1146/annurev.immunol.16.1.201

45. Geginat J, Lanzavecchia A, Sallusto F. Proliferation and differentiation potential
of human CD8+ memory T-cell subsets in response to antigen or homeostatic
cytokines. Blood. (2003) 101:4260–6. doi: 10.1182/blood-2002-11-3577

46. Yeo CJ, Fearon DT. T-bet-mediated differentiation of the activated CD8+ T cell.
Eur J Immunol. (2011) 41:60–6. doi: 10.1002/eji.201040873

47. Lo Re S, Lecocq M, Uwambayinema F, Yakoub Y, Delos M, Demoulin JB, et al.
Platelet-derived growth factor-producing CD4+ Foxp3+ regulatory T lymphocytes
promote lung fibrosis. Am J Respir Crit Care Med. (2011) 184:1270–81. doi: 10.1164/
rccm.201103-0516OC

48. Demoulin JB, Montano-Almendras CP. Platelet-derived growth factors and their
receptors in normal and Malignant hematopoiesis. Am J Blood Res. (2012) 2:44–56.

49. Lindell RB, Zhang D, Bush J, Wallace DC, Rabinowitz JD, Lu W, et al. Impaired
lymphocyte responses in pediatric sepsis vary by pathogen type and are associated with
features of immunometabolic dysregulation. Shock. (2022) 57:191–9. doi: 10.1097/
SHK.0000000000001943

50. Boomer JS, To K, Chang KC, Takasu O, Osborne DF, Walton AH, et al.
Immunosuppression in patients who die of sepsis and multiple organ failure. JAMA.
(2011) 306:2594–605. doi: 10.1001/jama.2011.1829

51. Miller MD, Krangel MS. The human cytokine I-309 is a monocyte
chemoattractant. Proc Natl Acad Sci U S A. (1992) 89:2950–4. doi: 10.1073/
pnas.89.7.2950

52. Jiang LN, Yao YM, Sheng ZY. The role of regulatory T cells in the pathogenesis
of sepsis and its clinical implication. J Interferon Cytokine Res. (2012) 32:341–9.
doi: 10.1089/jir.2011.0080

53. Gao YL, Yao Y, Zhang X, Chen F, Meng XL, Chen XS, et al. Regulatory T cells:
angels or demons in the pathophysiology of sepsis? Front Immunol. (2022) 13:829210.
doi: 10.3389/fimmu.2022.829210

54. Abolins S, King EC, Lazarou L, Weldon L, Hughes L, Drescher P, et al. The
comparative immunology of wild and laboratory mice, Mus musculus domesticus. Nat
Commun. (2017) 8:14811. doi: 10.1038/ncomms14811

55. Beura LK, Hamilton SE, Bi K, Schenkel JM, Odumade OA, Casey KA, et al.
Normalizing the environment recapitulates adult human immune traits in laboratory
mice. Nature. (2016) 532:512–6. doi: 10.1038/nature17655

56. Taylor MD, Fernandes TD, Kelly AP, Abraham MN, Deutschman CS. CD4 and
CD8 T cell memory interactions alter innate immunity and organ injury in the CLP
sepsis model. Front Immunol. (2020) 11:563402. doi: 10.3389/fimmu.2020.563402

57. Taylor MD, Brewer MR, Nedeljkovic-Kurepa A, Yang Y, Reddy KS, Abraham
MN, et al. CD4 T follicular helper cells prevent depletion of follicular B cells in response
to cecal ligation and puncture. Front Immunol. (2020) 11:1946. doi: 10.3389/
fimmu.2020.01946

58. Rudd BD, Venturi V, Smith NL, Nzingha K, Goldberg EL, Li G, et al. Acute
neonatal infections 'lock-in' a suboptimal CD8+ T cell repertoire with impaired recall
responses. PloS Pathog. (2013) 9:e1003572. doi: 10.1371/journal.ppat.1003572

59. Zhang Y, Lu J, Qin M, Xu M, Luo W, Li B, et al. Effects of different anesthesia
methods on postoperative immune function in patients undergoing gastrointestinal
tumor resection. Sci Rep. (2023) 13:243. doi: 10.1038/s41598-023-27499-2
frontiersin.org

https://doi.org/10.1016/j.jbi.2008.08.010
https://doi.org/10.1001/jamapediatrics.2017.2352
https://doi.org/10.1001/jamapediatrics.2017.2352
https://doi.org/10.3390/ijerph10093834
https://doi.org/10.1016/j.xpro.2020.100244
https://doi.org/10.1016/j.xpro.2020.100244
https://doi.org/10.4049/immunohorizons.1800003
https://doi.org/10.1097/MOP.0000000000000928
https://doi.org/10.1038/347669a0
https://doi.org/10.1038/nrrheum.2017.83
https://doi.org/10.1016/j.cyto.2008.03.002
https://doi.org/10.1159/000514885
https://doi.org/10.4110/in.2024.24.e11
https://doi.org/10.3389/fimmu.2018.00763
https://doi.org/10.1016/j.jim.2008.09.021
https://doi.org/10.4049/jimmunol.163.5.2902
https://doi.org/10.1615/CritRevImmunol.v32.i1.30
https://doi.org/10.1097/SHK.0000000000000253
https://doi.org/10.1084/jem.174.6.1323
https://doi.org/10.1146/annurev.immunol.16.1.201
https://doi.org/10.1182/blood-2002-11-3577
https://doi.org/10.1002/eji.201040873
https://doi.org/10.1164/rccm.201103-0516OC
https://doi.org/10.1164/rccm.201103-0516OC
https://doi.org/10.1097/SHK.0000000000001943
https://doi.org/10.1097/SHK.0000000000001943
https://doi.org/10.1001/jama.2011.1829
https://doi.org/10.1073/pnas.89.7.2950
https://doi.org/10.1073/pnas.89.7.2950
https://doi.org/10.1089/jir.2011.0080
https://doi.org/10.3389/fimmu.2022.829210
https://doi.org/10.1038/ncomms14811
https://doi.org/10.1038/nature17655
https://doi.org/10.3389/fimmu.2020.563402
https://doi.org/10.3389/fimmu.2020.01946
https://doi.org/10.3389/fimmu.2020.01946
https://doi.org/10.1371/journal.ppat.1003572
https://doi.org/10.1038/s41598-023-27499-2
https://doi.org/10.3389/fimmu.2025.1527142
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Age influences the circulating immune profile in pediatric sepsis
	Introduction
	Materials and methods
	Characterization of immune cell subpopulations and plasma cytokine concentrations
	Response to stimulation
	Statistical analysis

	Results
	Plasma levels of cytokines that activate the adaptive immune system were higher in sepsis patients
	Cohorts with organ dysfunction had lower proportion of pro-inflammatory monocytes
	Sepsis was characterized by less central memory CD4 and CD8 T cells, higher TEMRA CD8 T cells, and lower central memory CD8 T cells
	Sepsis patients had a higher proportion of regulatory CD4+ T cells, a lower proportion of CD4+ T cells producing IL-10, and were less able to alter IL-10 production after ex vivo stimulation
	Proportions of memory and regulatory T cells correlate with patient age in sepsis

	Discussion
	Main findings
	Relationship to prior literature
	Implication of findings
	Limitations and strengths

	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


