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Abstract

Objective: Immune dysregulation is a defining feature of sepsis, but the role for mitochondria in 

the development of immunoparalysis in pediatric sepsis is not known. We sought to determine if 

mitochondrial dysfunction measured in peripheral blood mononuclear cells (PBMCs) is associated 

with immunoparalysis and systemic inflammation in children with sepsis.

Design: Prospective observational study

Setting: Single academic pediatric intensive care unit (PICU)

Patients: 161 children with sepsis/septic shock and 18 non-infected PICU controls

Measurements and Main Results: Mitochondrial respiration in PBMCs, markers of immune 

function, and plasma cytokines were measured on days 1–2 (T1), 3–5 (T2), and 8–14 (T3) after 

sepsis recognition, and once for controls. Immunoparalysis was defined as whole-blood ex vivo 
lipopolysaccharide (LPS)-induced tumor necrosis factor-alpha (TNF-α) ≤200 pg/mL or monocyte 
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human leukocyte antigen (mHLA)-DR ≤30%. Mitochondrial respiration was lower in children 

with versus without immunoparalysis measured at the same timepoint. Mitochondrial respiration 

measured early (at T1 and T2) was also lower in those with immunoparalysis at T2 and T3, 

respectively. Although most patients with immunoparalysis exhibited low mitochondrial 

respiration, this metabolic finding was not specific to the immunoparalysis phenotype. Plasma 

cytokines, including IL-8, IL-10, TNF-α, and MCP-1 were highest in the subset of sepsis patients 

with immune paralysis or low mitochondrial respiration at T1.

Conclusions: Children with sepsis had lower PBMC mitochondrial respiration when 

immunoparalysis was present compared to those without immunoparalysis. The subsets with 

immune paralysis and low mitochondrial respiration exhibited the highest levels of systemic 

inflammation.
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INTRODUCTION

Sepsis is life-threatening organ dysfunction caused by a dysregulated host response to 

infection (1) that is characterized by both systemic inflammation and an amplified anti-

inflammatory response (2). In uncomplicated infection, a contained and coordinated process 

of immune activation is usually followed by down-regulation. In sepsis, the delicate 

homeostasis between pro- and anti-inflammatory mechanisms is disrupted, such that these 

functional states may co-exist and one, or the other, can manifest disproportionately (3). An 

exaggerated down-regulation of innate or adaptive immune function, termed 

“immunoparalysis”, has been associated with adverse outcomes in adults and children with 

sepsis (4–6).

Cellular metabolism plays a critical role in the immune response to infection. Under normal 

conditions, naïve leukocytes utilize mitochondrial oxidative phosphorylation for energy 

production, but switch to a preference for glycolysis after antigen stimulation, even when 

oxygen is not limiting (7). This transition to “aerobic glycolysis” enables broad metabolic 

reprogramming of the immune system that supports innate immune activation and 

lymphocyte proliferation (2, 7). Simultaneously, maintenance of mitochondrial function is 

necessary for cell signaling through reactive oxygen species, immunologic memory, and an 

eventual return to immunologic quiescence (8–10).

Alterations in cellular metabolism after infection have been increasingly implicated in the 

septic immune response (11–13). In particular, decreased mitochondrial respiration and 

redox imbalance have been reported in peripheral blood mononuclear cells (PBMCs) from 

patients with sepsis (14–18). Moreover, leukocytes from septic adults with diminished 

cytokine secretion after ex vivo stimulation by lipopolysaccharide (LPS) have been shown to 

exhibit broad metabolic defects in glycolysis and mitochondrial oxidative phosphorylation 

(11). Notably, several immunomodulatory therapies have demonstrated ability to reverse 

immunoparalysis and potentially improve outcomes (19–23). Therefore, clarifying the role 
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of impaired metabolism in the immunoparalyzed phenotype may provide important biologic 

insights that could yield novel therapeutic targets in sepsis.

Although both mitochondrial dysfunction and immunoparalysis have been shown to occur 

and portend adverse outcomes in pediatric sepsis, there are currently no data linking immune 

cell mitochondrial dysfunction to immunoparalysis or systemic inflammation in children. 

We therefore sought to test the hypothesis that mitochondrial dysfunction is associated with 

measures of immunoparalysis and systemic inflammation in children with sepsis.

MATERIALS AND METHODS

Study Design and Population:

We performed a prospective observational study of patients <18 years treated for severe 

sepsis or septic shock in a single academic pediatric intensive care unit between May 2014 

and June 2018. Severe sepsis and septic shock were defined using consensus pediatric 

criteria (24). Exclusion criteria were weight <7.5 kg (due to limited blood collection), white 

blood cells <0.5×103/μL, known mitochondriopathy, unrepaired cyanotic heart disease, and 

prior enrollment. A convenience sample of PICU patients of similar overall age and sex 

distribution without evidence of infection or organ dysfunction were enrolled as controls. 

The study was approved by The Children’s Hospital of Philadelphia Institutional Review 

Board and written informed consent was obtained.

Data Collection:

Data were collected about patient characteristics, clinical course, primary and secondary 

infections, and vital status. Severity of illness was determined by the Pediatric Risk of 

Mortality (PRISM)-III (25) and Pediatric Logistic Organ Dysfunction (PELOD) (26) scores. 

Organ dysfunction, as previously defined, was monitored daily after sepsis recognition (24). 

Clinical outcomes included hospital-acquired infections (HAI) within 28 days of sepsis 

recognition, complicated course, and all-cause 28-day mortality. HAI was defined as a new 

pathogen or clinically diagnosed infection that was not present within 48 hours of hospital 

admission or sepsis recognition. Complicated course is a composite endpoint defined as two 

or more organ dysfunctions present on day 7 or death by day 28 (27).

Blood Collection:

A day 1–2 sample of 7–9 mL of blood was collected as soon as possible after consent for 

sepsis patients and controls (T1). For sepsis patients, additional blood was collected between 

study days 3–5 (at least two days after first sample, T2) and again between days 8–14 (T3). 

Blood was collected in citrate tubes for measurement of mitochondrial respiration and 

content, EDTA tubes for monocyte human leukocyte antigen DR (HLA-DR) expression 

(mHLA-DR), and lithium heparin tubes (on ice) for measurement of whole-blood ex vivo 
lipopolysaccharide (LPS)-induced tumor necrosis factor-alpha (TNFα) and cytokine 

analyses. Blood samples were processed or utilized immediately following collection. 

Mitochondrial respiration, monocyte HLA-DR, and ex vivo LPS-stimulated TNF-α were 

measured on fresh blood samples while mitochondrial content was measured in batches 

using PBMCs that had been stored at −80°C. Heparinized whole blood was also centrifuged 
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within 30 minutes of collection with aliquoted plasma stored at −80°C for batched cytokine 

measurements.

Mitochondrial Respiration:

PBMCs were isolated by density centrifugation gradient and mitochondrial respiration was 

measured in 2–4 × 106 intact PBMCs using a high-resolution oxygraph (Oxygraph-2k, 

Oroboros Instruments, Innsbruck, Austria) as previously described (18). PBMC cell counts 

using trypan blue exclusion yielded median viability of 88% (interquartile range 76–95%). 

The median purity of PBMCs was 85% (IQR 63–87%) among random samples tested at the 

start and conclusion of the study. Intact cells were utilized to maintain the cellular 

microenvironment such that respiration relied on endogenous substrates. We directly 

measured baseline (routine) respiration, proton leak after inhibition of ATP synthase 

(LEAK), and maximal uncoupled respiration through the electron transport system 

(ETSmax). Non-mitochondrial respiration that persisted after addition of antimycin-A and 

sodium azide was subtracted from all parameters. ATP-linked respiration was calculated as 

routine respiration minus LEAK, and spare respiratory capacity (SRC) was calculated as 

ETSmax minus routine respiration. SRC is the mitochondrial bioenergetic reserve available 

for cells to produce ATP in response to a stress-induced increase in metabolic demand, and 

low SRC indicates a potential cellular bioenergetic crisis (28). Low levels of respiration are 

often used as a proxy to indicate mitochondrial dysfunction and have been linked to adverse 

clinical outcomes (15, 16, 28, 29). For example, we have demonstrated that persistently low 

SRC measured in PBMCs over the first week of septic illness was associated with prolonged 

organ dysfunction in children (18). Mitochondrial respiration was normalized to PBMC 

number, rather than to mitochondrial content, to assess overall level of mitochondrial 

function at the cellular level.

Immune Function:

Several pediatric studies have demonstrated an association between reduced capacity of 

whole blood to produce the pro-inflammatory cytokine TNFα after ex vivo stimulation with 

LPS with increased risk for hospital-acquired infections and death (4, 30, 31). As a result, 

this immunologic assay is considered a reliable marker of immunoparalysis in critically ill 

children. To a lesser extent, reduced expression of the monocyte cell surface molecule HLA-

DR (involved with antigen presentation) has also been linked immunoparalysis in children 

(4), but studies have preferentially used this measure in adults (23, 32). Thus, we measured 

both ex vivo LPS-stimulated TNF-α and monocyte HLA-DR as indicators of sepsis-induced 

immunoparalysis.

Ex vivo LPS-stimulated whole blood TNFα was measured by mixing 50 μL heparinized 

whole blood with 500 μL (250 pg) of phenol-extracted LPS from Salmonella enterica 
abortus equi (Sigma-Aldrich, L5886) within 60–90 minutes of blood collection as previously 

described (4). The sample was then incubated for four hours at 37°C, followed by 

centrifugation at 1,000g for five minutes. The supernatant was stored at −80°C for batched 

analysis. TNFα was measured, in duplicate, using an enzyme-linked immunosorbent assay 

kit (Invitrogen KHC3011C). Monocyte HLA-DR was measured using a whole-blood lysis 

technique. The sample was then stained with labeled anti-HLA-DR and anti-CD14 
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antibodies and the percentage of HLA-DR positive cells among the CD-14 positive 

population was determined using flow cytometry. Immunoparalysis was a priori defined as 

LPS-stimulated TNF-α ≤200 pg/mL or mHLA-DR ≤30% based on prior studies (4, 33).

Cytokines:

Four cytokines (interleukin [IL]-8, IL-10, TNF-α, and monocyte chemoattractant protein 

[MCP]-1) involved in the systemic inflammatory response were measured using 

commercially-available enzyme-linked immunosorbent assay assays (Life Technologies, 

Carlsbad, CA; EMD Millipore, Darmstadt, Germany. Samples were analyzed in duplicate, 

and the mean value was used as the measured biomarker concentration. FLUOstar 

software® (Ortenberg, Germany) was used to calculate standard curves for each analyte. 

The standard curve for each analyte was required to have R2 >95%, and the results from 

control samples were required to be within the 95% confidence interval of the expected 

range provided by the manufacturer. For samples that remained below or above range after 

serial dilutions, the value was set to the lowest or highest value produced for that analyte in 

each run, respectively.

Statistical Analysis:

Analyses were performed using STATA (Version 12.1, College Station, TX). Data are 

presented as median with interquartile range (IQR) for continuous variables and percentages 

for categorical variables. Comparisons were performed using Wilcoxon rank sum and 

Fisher’s exact tests. Correlations were analyzed using Spearman’s rank. The criterion 

validity for mitochondrial respiration to discriminate between sepsis patients with versus 

without immunoparalysis was tested using the area under the receiver operating 

characteristic curve (AUROC). We then calculated the sensitivity and specificity using 

varying percentiles derived from non-septic control values. Finally, to account for potential 

down-regulatory effects of corticosteroids on both mitochondrial and immune function, we 

performed a sensitivity analysis excluding sepsis patients treated with corticosteroids at each 

timepoint. Statistical significance was set at p-value <0.05, with Bonferroni corrections for 

analyses that included multiple comparisons.

RESULTS

Study Patients:

A total of 6,535 patients were screened, 471 met eligibility criteria, and 204 were enrolled. 

Forty-three patients were excluded due to a final diagnosis other than sepsis or lack of 

sufficient study measures, leaving 161 patients available for analysis (Figure, Supplemental 

Digital Content 1, http://links.lww.com/SHK/A994). One hundred twenty and 80 patients 

had data to analyze on study days 3–5 (T2) and 8–14 (T3), respectively. Twelve patients 

died; thus, missing longitudinal data was largely attributable to clinical improvement. 

Eighteen controls with mitochondrial and immune function data were also included.

Patient characteristics are shown in Table 1, with clinical and laboratory characteristics at 

the time of blood sampling shown in Table, Supplemental Digital Content 2, http://

links.lww.com/SHK/A995. Sepsis patients had slightly lower LPS-stimulated TNF-α levels 
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and significantly lower mHLA-DR levels than controls at T1 (Figure 1A). The proportion of 

controls and sepsis patients with immunoparalysis by either LPS-stimulated TNF-α ≤200 

pg/mL, mHLA-DR ≤30%, or both at each timepoint is shown in Figure 1B. Fourteen (9%) 

sepsis patients had secondary HAIs, 30 (19%) had complicated course, and 10 (6%) died 

within 28 days. No control patients experienced these clinical outcomes. Immunoparalysis 

defined using LPS-stimulated TNF-α at T1 or T2 was associated with a higher rate of 

complicated course (T1: 27% versus 13%, p=0.04; T2: 30% versus 13%, p=0.04), but not 

with HAI or 28-day mortality (Figure, Supplemental Digital Content 3, http://

links.lww.com/SHK/A996). Immunoparalysis defined using mHLA-DR was not associated 

with clinical outcomes.

Mitochondrial Respiration and Immune Function:

The correlation of PBMC mitochondrial respiration with concurrently measured immune 

function at each timepoint is shown in Table 2. In control patients, mitochondrial respiration 

was not associated with either LPS-stimulated TNF-α or mHLA-DR. In sepsis patients, 

ETSmax and SRC were positively correlated with LPS-stimulated TNF-α at T1, such that 

patients with low ETSmax and SRC exhibited low LPS-stimulated TNF-α. At T2, all 

measures of mitochondrial respiration trended towards association with LPS-stimulated 

TNF-α, though none remained significant after correction for multiple comparisons. 

Mitochondrial respiration was not associated with mHLA-DR in controls or sepsis patients 

at any timepoint.

Mitochondrial respiration was generally lower in patients with concurrent evidence of 

immunoparalysis measured at the same timepoint, using either LPS-stimulated TNF-α or 

mHLA-DR (Figure 2). Mitochondrial respiration measured at T1 and T2 was also lower in 

patients who exhibited immunoparalysis at subsequent timepoints (i.e., T2 and T3, 

respectively), defined using LPS-stimulated TNF-α (Figure 3). The small number of patients 

with immunoparalysis defined using mHLA-DR at T2 and T3 precluded meaningful 

analyses at these later timepoints.

The AUROC for mitochondrial SRC measured at T1 to discriminate between those with 

versus without immunoparalysis, defined using LPS-stimulated TNF-α, was 0.63 (95% CI 

0.54, 0.72) at T1, 0.63 (95% CI 0.53, 0.73) at T2, and 0.68 (95% CI 0.52, 0.84) at T3. The 

sensitivity and specificity of mitochondrial SRC at T1, dichotomized at different percentiles 

of control values, to identify immunoparalysis are shown in Table 3. SRC cut-points below 

the 25th and 50th percentile of control values exhibited high sensitivity to identify 

immunoparalysis, but all cut-points exhibited low specificity (i.e., high rate of false-

positives). These findings suggest that, while most patients with immunoparalysis exhibited 

low mitochondrial SRC, this metabolic finding was not specific to the immunoparalysis 

phenotype.

Cytokines:

Plasma levels of IL-8, IL-10, and MCP-1, but not TNF-α, were higher in sepsis compared to 

controls (Figure, Supplemental Digital Content 4, http://links.lww.com/SHK/A997). In non-

septic controls, mitochondrial respiration and immune function were not correlated with 
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plasma cytokines (Table 4). In sepsis patients, mitochondrial SRC and LPS-stimulated TNF-

α demonstrated a weak inverse correlation with plasma cytokines at T1 and T2, and mHLA-

DR demonstrated a similar pattern at T2 (Table 4). Plasma cytokines were also higher in the 

subset of sepsis patients with LPS-stimulated TNF-α ≤200 pg/mL or low mitochondrial 

SRC at T1 (Figure 4).

Sensitivity Analysis Excluding Corticosteroid Exposure:

There was no difference in the proportion of sepsis patients with versus without 

corticosteroid treatment who had immunoparalysis at T1 defined by LPS-stimulated TNF-α 
(42% with corticosteroids versus 38% without corticosteroids, p=0.63) or mHLA-DR (21% 

with corticosteroids versus 22% without corticosteroids, p=0.56). Similar to the overall 

analysis, ETSmax and SRC were positively correlated with LPS-stimulated TNF-α at T1 in 

the subgroup not treated with corticosteroids (Table, Supplemental Digital Content 5, http://

links.lww.com/SHK/A998). Mitochondrial respiration also followed a similar pattern in non-

corticosteroid patients as for the primary analysis with generally lower values in these with 

concurrent (Figure, Supplemental Digital Content 6, http://links.lww.com/SHK/A999) and 

subsequent (data not shown) evidence of immunoparalysis measured at the same timepoint, 

though power to detect statistical significance was reduced for this sensitivity analysis. 

Finally, plasma cytokines remained higher in the subset of sepsis patients not treated with 

corticosteroids with LPS-stimulated TNF-α ≤200 pg/mL or low mitochondrial SRC at T1 

(Figure, Supplemental Digital Content 7, http://links.lww.com/SHK/A1000).

DISCUSSION

Among children with septic shock and other sepsis-associated organ dysfunction, 

immunoparalysis was common and, as has been previously shown, was associated with a 

composite endpoint of organ dysfunction and death. Our novel finding was that 

mitochondrial dysfunction, denoted by low PBMC respiration, was associated with both 

concurrent and later immunoparalysis in children with sepsis. However, decreased 

mitochondrial respiration was not specific for the immunoparalysis phenotype; indeed, many 

children with sepsis without immunoparalysis also exhibited low PBMC mitochondrial 

respiration. Although systemic inflammation was evident in sepsis patients irrespective of 

immune paralysis or degree of PBMC mitochondrial respiration on day 1–2, the subset with 

immunoparalysis or low mitochondrial respiration exhibited the highest levels of plasma 

inflammatory cytokines.

Evidence supports that the pathophysiology of sepsis involves a “fundamental reorganization 

of immune and metabolic cell processes, and that measures of inflammation and suppression 

are a reflection of this acute cellular reprogramming” (2). We, and others, have previously 

shown that mitochondrial respiration is often decreased in immune cells from patients with 

sepsis early in the disease course (15–18, 29). This finding is not necessarily indicative of 

dysfunction. A shift from oxidative phosphorylation in quiescent and naïve mononuclear 

cells to glycolysis is believed to be an important part of the initial activation of innate 

immune function (7, 8, 34). However, activation of Toll-like receptor (TLR)-4 by exposure 

to LPS can also render leukocytes immune tolerant, which has been characterized by a 
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generalized down-regulation of both glycolysis and oxidative phosphorylation, along with 

changes in fatty acid metabolism that can impair phagocytic activity and reduce cytokine 

production (11, 35, 36).

Our study is the first to investigate the association of mitochondrial respiration, immune 

function, and systemic inflammation in children with sepsis. We observed the cooccurrence 

of depressed mitochondrial respiration in PBMCs with ex vivo tolerance to TNF-α 
production and elevated inflammatory cytokines early in sepsis, a pattern that has been 

reported previously in shock and sepsis models (13, 37). Although our findings are not able 

to delineate a temporal relationship between metabolic and immunologic changes, we 

speculate that the decrease in mitochondrial respiration evident on day 1–2 in children with 

sepsis (as previously described (18)) is generally indicative of an acute immune response 

early in sepsis given the inverse correlation with SRC and the common pro-inflammatory 

cytokines, IL-8 and MCP-1. Low PBMC respiration is consistent with the transition of naïve 

monocytes and lymphocytes to an effector phenotype that is accompanied by a metabolic 

switch from mitochondrial oxidative phosphorylation to glycolysis (13, 36). However, 

because low respiration was sensitive for either having or progressing to immunoparalysis, 

the down-regulation of mitochondrial metabolism likely also included a subset of patients 

with an early, potentially unfavorable, level of induced immune tolerance. Conversely, few 

patients with PBMC mitochondrial respiration preserved at >25–50th percentile of control 

values on day 1–2 developed an immune paralysis phenotype, suggesting that while 

mitochondrial dysfunction may contribute to or herald immunoparalysis in pediatric sepsis, 

it is not sufficient to do so on its own.

Understanding of the role of metabolism in the immunologic response to infection holds 

promise for enhancing precision medicine in sepsis (3, 38). To date, efforts to identify 

distinct biologic phenotypes in sepsis have focused largely on immuno-inflammatory, 

endothelial, and coagulation profiles (33, 39, 40). However, we previously demonstrated that 

children with septic shock characterized by repression of genes related to adaptive immunity 

and glucocorticoid receptor signaling and a high rate of mortality also had suppression of 

mitochondrial genes (41). Another study found that changes in the metabolome, particularly 

in mitochondrial fatty acid oxidation, did not mirror the clinical progression from 

uncomplicated infection to septic shock, but did distinguish sepsis non-survivors from 

survivors (12). This suggests that metabolic changes in sepsis can provide additional insights 

into the pathobiology of sepsis to further refine phenotypes and identify novel mechanisms 

for targeted therapies (11).

Our data highlight the importance of integrating multiple pathways in the complex syndrome 

of sepsis, as the decrease in mitochondrial respiration observed on study day 1–2 was 

associated with both immune paralysis and increased systemic inflammation. The presence 

of immune paralysis, as measured by LPS-stimulated TNF-α, with increased circulating 

levels of plasma inflammatory cytokines is somewhat paradoxical, but has been reported 

previously (30). Interestingly, research into neurodegenerative disorders suggests that 

mitochondrial dysfunction itself can stimulate inflammatory pathways (42). This suggests an 

interesting, but as yet untested, hypothesis as to whether mitochondrial dysfunction in 
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immune cells can simultaneously account for diminished immune responsiveness to external 

ligands while still propagating a systemic inflammatory response (43).

There are several limitations to this study. First, heterogeneity of patients in comorbid 

conditions, type and site of infection, and other factors may have blurred together several 

different immunometabolic patterns. We do note, however, that treatment with 

corticosteroids did not substantially confound our results, as a sensitivity analysis excluding 

patients who receive corticosteroids closely paralleled the primary analysis. Second, only 

two measures of immune function were included. Although both LPS-stimulated TNF-α and 

mHLA-DR have been used to characterize the immune paralysis phenotype in sepsis, these 

measures largely focus on innate, rather than adaptive, immunity. Third, there is no 

acceptable definition of mitochondrial “dysfunction”. Because mitochondrial respiration is 

linked to ATP production and energy availability, a decrease in this measure is often 

presumed to indicate dysfunction. However, mitochondria are multifaceted organelles with 

numerous functions, which are not completely represented by respiration alone. Indeed, 

several studies have demonstrated that altered redox state and fatty acid oxidation are more 

indicative of mitochondrial dysfunction than respiration (12, 14). Moreover, because we 

studied intact cells and normalized mitochondrial respiration to PBMC number, we are not 

able to differentiate between abnormalities within the mitochondrial electron transport 

system itself versus changes in mitochondrial content as a cause of the observed decrease in 

respiration. Fourth, the timepoints at which study measurements were performed were 

established a priori and may not have captured the full evolution of immunometabolic 

changes in sepsis. In addition, longitudinal data was missing from 25% and 50% of sepsis 

patients at T2 and T3, respectively. Although missing data over time do not affect the 

internal validity of comparisons of study measures performed at the same timepoint (since 

patients either had all or none of the study measures at any one timepoint), loss of study 

measures at later timepoints due largely to drop-out of patients who clinically improved led 

to a “sicker” patient sample at T2 and T3. Thus, missing data not only reduce statistical 

power, but could introduce a selection bias at later timepoints. However, bias in comparing 

study measures at T1 to later timepoints is expected to be toward the null because more “less 

sick” patients at T1 were compared to “more sick” patients at T2 and T3. Last, limitations in 

blood volume collection precluded accounting for variation in PBMC composition between 

patients or over time despite known variability in the metabolism of immune cell subsets.

CONCLUSIONS

Mitochondrial respiration within circulating PBMCs was lower in children who had sepsis 

with versus without immunoparalysis, though the decrease in mitochondrial respiration was 

not specific for immunoparalysis. While systemic inflammation was evident in sepsis 

patients irrespective of immune paralysis or degree of PBMC mitochondrial respiration on 

day 1–2, the subset with immunoparalysis or low mitochondrial respiration exhibited the 

highest levels of plasma inflammatory cytokines. The temporal association and mechanisms 

linking metabolic changes to immune function in pediatric sepsis warrant further 

investigation to assist with improved phenotyping and identify novel therapies.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Immunoparalysis By Group
(A) Ex vivo lipopolysaccharide (LPS)-stimulated whole blood tumor necrosis factor (TNF)-

α levels and monocyte HLA-DR percentage in non-septic controls and sepsis patients by 

study day. Data are presented in box plot analysis with the central line indicating the median 

and boxes indicating the interquartile range. (B) The proportion of non-septic controls and 

sepsis patients at each timepoint with immunoparalysis as defined by ex vivo 
lipopolysaccharide-stimulated whole blood TNF-α ≤200 pg/mL, monocyte HLA-DR ≤30%, 

or both. Data are presented as proportion of the total group. *p<0.05 **p<0.01 compared to 

controls after Bonferroni correction for multiple comparisons
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Figure 2: PBMC Mitochondrial Respiration in Sepsis Patients According to Presence of 
Concurrently Measured Immunoparalysis
Basal, ATP-linked, LEAK, ETSmax, and SRC mitochondrial respiration in peripheral blood 

mononuclear cells (PBMCs) from sepsis patients with immunoparalysis, as defined by ex 

vivo lipopolysaccharide-stimulated whole blood TNF-α ≤200 pg/mL (A, C, and E) or 

monocyte HLA-DR ≤30% (B, D, and F) measured at the same timepoint as respiration. 

Respiration by immunoparalytic phenotype is shown for study day 1–2 (A, B), 3–5 (C, D), 

and 8–14 (E, F). Data are presented in box plot analysis with the central line indicating the 

median and boxes indicating the interquartile range. *p<0.05 ** p<0.01 after Bonferroni 

correction for multiple comparisons
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Figure 3: PBMC Mitochondrial Respiration in Sepsis Patients According to Presence of 
Immunoparalysis Measured at Subsequent Timepoints
Basal, ATP-linked, LEAK, ETSmax, and SRC mitochondrial respiration in peripheral blood 

mononuclear cells (PBMCs) from sepsis patients with immunoparalysis, as defined by ex 

vivo lipopolysaccharide-stimulated whole blood TNF-α ≤200 pg/mL, measured at 

subsequent timepoints. Respiration measured on study day 1–2 was lower in sepsis patients 

with immunoparalysis on day 3–5 (B), and respiration measured on day 3–5 was lower in 

sepsis patients with immunoparalysis on day 8–14 (B). *p<0.05 **p<0.01 after Bonferroni 

correction for multiple comparisons
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Figure 4: Plasma Cytokines in Sepsis Patients With versus Without Immunoparalysis or Low 
Mitochondrial Respiration
(A) Interleukin (IL)-8, IL-10, tumor necrosis factor (TNF)-α, and monocyte chemoattractant 

protein (MCP)-1 were higher in sepsis patients with ex vivo lipopolysaccharide (LPS)-

stimulated whole blood TNF-α ≤200 pg/mL (white bar) versus >200 pg/mL (grey bar) at 

T1.

(B) None of the cytokines were different between sepsis patients with monocyte HLA-DR 

≤30% versus >30% at T1. (C) IL-8, IL-10, and MCP-1 were higher in sepsis patients with 

mitochondrial spare respiratory capacity (SRC) <25th percentile (white bar) versus ≥25th 

percentile (grey bar) of control values at T1. Data are presented using a logarithmic scale in 

box plot analysis with the central line indicating the median and boxes indicating the 

interquartile range. *p<0.05 **p<0.01 ***p<0.001 after Bonferroni correction for multiple 

comparisons
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Table 1:

Patient Characteristics

Variable
a Controls Sepsis P-value

N 18 161

Age, years 9.8 (2.1–13.4) 8.3 (3.6–13.7) 0.96

Sex, male 9 (50) 83 (52) 0.99

Race 0.28

 White 13 (72) 82 (51)

 Black 3 (17) 44 (27)

 Other or not reported 2 (11) 35 (22)

Previously healthy 2 (11) 20 (12) 0.99

Cancer or HSCT 2 (11) 26 (16) 0.74

PRISM-III score 1 (0–3) 11 (6–17) <0.001

PIM-2 risk of mortality 0.2 (0.1–0.8) 3.3 (1.1–4.7) <0.001

PELOD score, admission 0 (0–10) 11 (10–12) <0.001

Lactate (mmol/L), max day 1–2 1.3 (1.0 −2.6) 2.9 (1.9–4.8) 0.02

No. of organ dysfunctions at study enrollment 0 (0–0) 2 (2–3) <0.001

Reason for PICU admission <0.001

 Sepsis 161 (100)

 Neurosurgery 15 (83)

 Intracranial hemorrhage 2 (11)

 Deep vein thrombosis 1 (6)

Site of infection <0.001

 None 19 (100)

 Bacteremia, primary 32 (20)

 Respiratory 61 (38)

 Abdominal 14 (9)

 Genitourinary 14 (9)

 Central nervous system 3 (2)

 Skin or soft tissue 4 (2)

 Other 7 (4)

 Unknown 26 (16)

Type of infection <0.001

 None 19 (100)

 Bacterial 69 (43)

 Viral 44 (29)
d

 Unknown 47 (28)

Hospital-acquired infection
b 0 14 (9) 0.37

Organ dysfunction, day 14 0 59 (37) 0.001

Complicated course
c 0 30 (19) 0.046

Mortality, day 28 0 10 (6) 0.60

Shock. Author manuscript; available in PMC 2021 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Weiss et al. Page 18

HSCT, hematopoietic stem cell transplant; PRISM, pediatric risk of mortality; PIM, pediatric index of mortality; PELOD, pediatric logistic organ 
dysfunction; PICU, pediatric intensive care unit

a
Data presented as median (interquartile range) or n (%)

b
Hospital-acquired infection within 28 days after index sepsis episode

c
Complicated course defined as ≥2 organ system dysfunctions by day 7 or death by day 28 from study enrollment

d
Viral infection was defined as a viral pathogen identified as part of microbiologic diagnostic testing in the absence of a primary bacterial pathogen
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Table 2:

Correlation of Mitochondrial Respiration with Concurrent Immune Function Measured at the Same Timepoint

Mitochondrial Respiration
LPS-stimulated TNFαa

Monocyte HLA-DR
a

n rho P-value n rho P-value

Control

 Routine 18 0.09 0.74 18 −0.08 0.75

 ATP-linked 18 −0.01 0.98 18 −0.09 0.72

 LEAK 18 0.12 0.64 18 0.03 0.91

 ETSmax 18 −0.15 0.56 18 0.10 0.70

 SRC 18 −0.15 0.56 18 0.19 0.45

Sepsis Day 1–2 (T1)

 Routine 161 0.12 0.13 125 −0.08 0.36

 ATP-linked 161 0.13 0.12 125 −0.06 0.47

 LEAK 161 0.08 0.33 125 −0.08 0.36

 ETSmax 161 0.26 0.001
b 125 0.01 0.92

 SRC 161 0.27 <0.001
b 125 0.01 0.89

Sepsis Day 3–5 (T2)

 Routine 120 0.19 0.03 88 0.12 0.27

 ATP-linked 120 0.19 0.04 88 0.08 0.46

 LEAK 120 0.19 0.04 88 0.16 0.13

 ETSmax 120 0.17 0.06 88 0.18 0.10

 SRC 120 0.13 0.15 88 0.21 0.06

Sepsis Day 8–14 (T3)

 Routine 80 0.21 0.06 55 −0.21 0.12

 ATP-linked 80 0.21 0.06 55 −0.20 0.15

 LEAK 80 0.17 0.13 55 0.17 0.49

 ETSmax 80 0.13 0.24 55 −0.21 0.13

 SRC 80 0.07 0.56 55 −0.16 0.25

ATP, adenine triphosphate; LEAK, proton leak across the inner mitochondrial membrane after inhibition of ATP synthase; ETSmax, maximal 

uncoupled respiration through the electron transport system after addition of chemical uncoupler; SRC, spare respiratory capacity

a
Immune function measured at the same timepoint as mitochondrial respiration

b
P-value remained significant at ≤0.01 level after correction for multiple comparisons (0.05/5 tests per study day)
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Table 3:

Cut-points for Mitochondrial Spare Respiratory Capacity to Differentiate Sepsis Patients with 

Immunoparalysis

Mitochondrial Respiration 
Measured on Study Day 1–2 

(T1)

Immunoparalysis on Study Day 
1–2 (T1)

Immunoparalysis on Study Day 
3–5 (T2)

Immunoparalysis on Study Day 
8–14 (T3)

Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity

SRC ≤10th percentile of control 

values
a 0.61 0.60 0.63 0.58 0.64 0.52

SRC ≤25th percentile of control 

values
b 0.83 0.46 0.85 0.42 0.91 0.38

SRC ≤50th percentile of control 

values
c 0.95 0.28 0.95 0.28 1.0 0.22

SRC, spare respiratory capacity

a
SRC ≤5.8 pmol/sec/106 cells

b
SRC ≤7.5 pmol/sec/106 cells

c
SRC ≤9.5 pmol/sec/106 cells
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Table 4:

Correlation of Immune Function and Mitochondrial Respiration with Plasma Cytokines

Immune Function or Mitochondrial Respiration IL-8 IL-10 TNF-α INF-γ MCP-1

Control (n = 18)

 LPS-stim TNF-α −0.26 −0.13 0.10 0.34 0.15

 mHLA-DR −0.48 −0.32 0.02 −0.08 −0.07

 SRC
c −0.01 −0.16 0.14 −0.03 0.08

Sepsis Day 1–2 (T1, n = 137)

 LPS-stim TNF-α −0.31
b

−0.27
a

−0.26
a −0.10 −0.34

b

 mHLA-DR −0.07 0.04 0.01 0.06 −0.12

 SRC
c

−0.28
a −0.18 −0.12 −0.20 −0.23

a

Sepsis Day 3–5 (T2, n = 104)

 LPS-stim TNF-α −0.28
a −0.23 −0.17 −0.04 −0.28

a

 mHLA-DR −0.39
b −0.25 0.32

a 0.26 0.08

 SRC
c

−0.31
a −0.05 −0.09 −0.01 −0.06

Sepsis Day 8–14 (T3, n = 70)

 LPS-stim TNF-α −0.08 −0.03 −0.05 −0.08 −0.19

 mHLA-DR −0.31 −0.10 0.25 0.21 −0.04

 SRC
c −0.16 −0.18 −0.01 −012 0.04

LPS-stim TNF-α, ex vivo LPS-stimulated whole blood TNF-α; mHLA-DR, monocyte HLA-DR; SRC, spare respiratory capacity

a
Statistical significance remained at p<0.01 after correction for multiple comparisons

b
Statistical significance remained at p<0.001 after correction for multiple comparisons

c
SRC demonstrated the strongest correlation with plasma cytokines among all mitochondrial respiration parameters and therefore only these data 

are shown
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