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abstractCONTEXT: Immune system dysfunction is poorly represented in pediatric organ
dysfunction definitions.

OBJECTIVE: To evaluate evidence for criteria that define immune system
dysfunction in critically ill children and associations with adverse outcomes and develop
consensus criteria for the diagnosis of immune system dysfunction in critically ill children.

DATA SOURCES: We conducted electronic searches of PubMed and Embase from
January 1992 to January 2020, using medical subject heading terms and text words to define
immune system dysfunction and outcomes of interest.

STUDY SELECTION: Studies of critically ill children with an abnormality in leukocyte
numbers or function that is currently measurable in the clinical laboratory in which
researchers assessed patient-centered outcomes were included. Studies of adults or
premature infants, animal studies, reviews and commentaries, case series (#10 subjects), and
studies not published in English with inability to determine eligibility criteria were excluded.

DATA EXTRACTION: Data were abstracted from eligible studies into a standard data
extraction form along with risk of bias assessment by a task force member.

RESULTS: We identified the following criteria for immune system dysfunction: (1)
peripheral absolute neutrophil count <500 cells/μL, (2) peripheral absolute lymphocyte
count<1000 cells/μL, (3) reduction in CD4+ lymphocyte count or percentage of total
lymphocytes below age-specific thresholds, (4) monocyte HLA-DR expression <30%, or (5)
reduction in ex vivo whole blood lipopolysaccharide-induced TNFa production capacity below
manufacturer-provided thresholds.

LIMITATIONS: Many measures of immune system function are currently limited to
the research environment.

CONCLUSIONS: We present consensus criteria for the diagnosis of immune system
dysfunction in critically ill children.
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The immune system is central to
host defense against pathogens as
well as remodeling and healing of
injured tissues. Acute defects in
innate and adaptive immunity place
critically ill children at high risk for
adverse outcomes from critical
illness across the spectrum of ICU
diagnoses. The immune system is
highly complex and includes cellular
elements (leukocytes), noncellular
elements (eg, cytokines, chemokines,
complement), and barrier defenses
(eg, skin, mucociliary clearance).
Abnormalities in leukocyte numbers
or function represent immune system
defects that are quantifiable and to
which adverse ICU outcomes can be
attributed. Studies of pediatric sepsis,
pediatric oncology, and HIV have
consistently shown associations
between reduced absolute cell counts,
infection risk, and mortality. In recent
decades, severe critical
illness–induced immune suppression
(“immunoparalysis”) has been
identified as risk factor for these
adverse outcomes as well.1 Other
components of the immune system
are more challenging to incorporate
into current definitions but represent
important research priorities.
Cytokines and chemokines serve to
make the local environment favorable
for host defense through vasodilation,
increased capillary permeability, and
immune cell recruitment. Elevations
in numerous systemic cytokine and
chemokine levels have been
associated with adverse outcomes
from critical illness in children.2–5

Although these inflammatory
mediators are produced by activated
leukocytes, they are also produced by
other cell types including stressed or
injured endothelial or parenchymal
cells. It is therefore difficult to ascribe
abnormalities in inflammatory
biomarker profiles specifically to
immune system dysfunction rather
than to concurrent tissue injury. The
degree to which immune dysfunction
due to barrier disruption in burn
injury, for example, contributes to

increased risk for adverse outcomes
versus the direct effects of tissue
injury is similarly difficult to quantify.

Lastly, there are numerous aspects
of leukocyte function that can be
abnormal in the setting of primary
(chronic) immunodeficiency.
Examples include defects in the
ability of leukocytes to migrate to a
site of infection, ingest and kill
pathogens, produce antibody, effect
extracellular killing, and proliferate.
Although many of these defects can
be identified in a specialized
immunology laboratory through
cellular or genetic testing, most of
these tests are not practical for the
pediatric intensivist to use for real-
time diagnosis and management.
Also, specific thresholds of these
tests that are associated with
adverse ICU outcomes have not
been identified. For these reasons,
measures of primary
immunodeficiency (other than cell
counts) have not been included in
these definitions.

METHODS

The PODIUM collaborative sought to
develop evidence-based criteria for
organ dysfunction in critically ill
children. In this article, we report on
the systematic review on immune
system dysfunction scoring tools
performed as part of PODIUM,
provide a critical evaluation of the
available literature, and propose
evidence-based criteria for immune
system dysfunction in critically ill
children, as well as
recommendations for future
research. The PODIUM Executive
Summary details Population,
Interventions, Comparators, and
Outcomes questions, search
strategies, study inclusion and
exclusion criteria, and processes for
risk of bias assessment, data
abstraction and synthesis and for
drafting and developing agreement
for criteria indicating immune
system dysfunction.6

RESULTS

Of 7566 unique citations published
between 1992 and 2020, 39 studies
were eligible for inclusion, as shown
in the PRISMA flowchart (Fig 1).
Data tables (Supplemental Tables 1
and 2) and risk of bias assessment
summaries (Supplemental Fig 1) are
detailed in the Supplemental Infor-
mation. The 2 groups of studies that
informed the immune system dys-
function criteria focus on severe leu-
kopenia and critical illness–induced
innate immune suppression
(“immunoparalysis”). This important
form of secondary immunodefi-
ciency can be diagnosed with small
blood volume, rapid turnaround
time assays. Although these are not
yet available in the clinical labora-
tory in the United States, they are
clinically available in other regions.
These assays include the measure-
ment of monocyte HLA-DR expres-
sion (a measure of antigen
presenting capacity) and ex vivo
stimulation assays (measures of leu-
kocyte responsiveness). Criteria for
immune system dysfunction in criti-
cally ill children informed by the
evaluated evidence are listed in
Table 1.

Severe Neutropenia

Data from the oncology literature
has long indicated that an absolute
neutrophil count ([% neutrophils 1
% band forms] × total white blood
cell count) <500 cells per mm3

confers significantly increased risk
for the development of new
infection and death.7–11 A 10-year
single-center survey of patients
receiving cytolytic chemotherapy
revealed that persistent neutropenia
was strongly associated with
mortality.9 In a recent study of 270
children after hematopoietic stem
cell transplant, prolonged severe
neutropenia (>7 days) was strongly
associated with an increased risk for
Gram-negative bacteremia (odds
ratio 19.5, 95% confidence interval
2.6–148).7 Similarly, among 120
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children undergoing allogeneic
hematopoietic stem cell transplant,
the duration of severe neutropenia
was a primary risk factor for
invasive fungal infection.10 In a 2019
study of 126 children with malignant
bone tumors, the only infection-
related mortality occurred in
children with severe neutropenia.7

Although not all infections and
deaths in these studies occurred in a
critical care environment, the strong
association between severe
neutropenia and these adverse
outcomes warrants inclusion of
severe neutropenia in these criteria.

Severe Lymphopenia

Lymphopenia has been associated
with increased risks for adverse
outcomes from pediatric burn
injury, appendicitis, and surgery to
repair congenital heart disease.12–14

The presence of an absolute
lymphocyte count (ALC) (%
lymphocytes × total white blood cell
count) <1000 cells per μL for a
least 7 days was associated with
increased odds of nosocomial
infection and death in a 113-subject
cohort of critically ill children.15 In a
22-subject cohort of children with
septic shock, lower ALC within 48

hours of sepsis onset was associated
with greater risk of new or
persistent infection, with the median
value of <1000 cells per μL in the
group with infectious
complications.16 Among 52 children
with critical illness due to acute
influenza infection, the ALC within
48 hours of ICU admission was
lower in nonsurvivors: 364
(192–748) vs 1670 (955–2055) cells
per μL (P 5 .005).4 Among children
undergoing cardiac surgery,
preoperative lymphopenia was
associated with increased mortality
risk, with each drop in the ALC of
1000 cells per μL being associated
with an increase in the risk of
mortality by 2.67-fold.14 Although
transient lymphopenia is common in
the setting of acute infection, the
strength of association between an
ALC <1000 cells per μL and adverse
ICU outcomes suggests that this
degree of lymphopenia merits
inclusion as part of the definition of
immune system dysfunction.

Severe Reduction in CD4+ T Cells

Data from children with HIV suggest
that the absolute and relative counts
of CD4+ T cells are important
predictors of adverse outcomes
including mortality. Current
guidelines from the Centers for
Disease Control and Prevention
provide age-specific definitions of
severe immune system dysfunction
in children on the basis of CD4+ T-
cell count or CD4+ T-cell percentage

FIGURE 1
Study flow diagram according to the Preferred Reporting Items for Systematic Review and
Meta-Analysis Protocols recommendations.

TABLE 1 Criteria for Immune System Dysfunction in Pediatric Critical Illness

Organ System Criterion For Organ Dysfunction Suggested Thresholds Conditions Severity

Immune Peripheral absolute neutrophil count <500 cells/μL None Not graded
Immune Peripheral ALC <1000 cells/μL None Not graded
Immune CD4+ T-lymphocyte count <750 cells/μL Age <1 y Not graded

<500 cells/μL Age 1–5 y Not graded
<200 cells/μL Age $6 y Not graded

Immune CD4+ T-lymphocyte percentage of total lymphocytes <26% Age <1 y Not graded
<22% Age 1–5 y Not graded
<14% Age $6 y Not graded

Where clinically availablea

Immune Monocyte HLA-DR expression <30% None Not graded
Immune Ex vivo LPS-induced TNFa production capacity Below manufacturer-provided thresholds None Not graded

a These tests may be clinically available outside the United States.
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of total lymphocytes.17 Although
there is a paucity of data regarding
CD4+ T-cell counts in critically ill
children without HIV, the strength of
association with mortality outcomes
in children with HIV suggests that
this metric also merits inclusion as
part of the definition of immune
system dysfunction.

Reduced Monocyte HLA-DR
Expression

Children with immunoparalysis
demonstrate a reduction in the
expression of the class II major
histocompatibility complex molecule
HLA-DR on the surface of circulating
monocytes. Severe reduction in
monocyte HLA-DR expression, and/
or failure to increase monocyte
HLA-DR expression over time, has
been associated with increased risks
for nosocomial infection and death
from pediatric sepsis,
cardiopulmonary bypass, and
multiple organ dysfunction
syndrome.18–22 Thresholds of HLA-
DR expression that are associated
with adverse outcomes depend on
the method of quantitation that is
used. If <30% of circulating
monocytes are positive for HLA-DR
by flow cytometry, this has been
shown to confer increased risks of
nosocomial infection and death in
children with multiple organ
dysfunction syndrome (MODS).18,23

An alternative method permits the
quantitation of HLA-DR expression
in terms of molecules per cell.
Although adult data24 and some
pediatric data25 suggest that a
threshold of <8000 molecules per
cell confers increased risk, other
pediatric data have suggested that
failure to increase monocyte HLA-
DR expression by at least 1000
molecules per cell over the first

week of sepsis, not the absolute
level of expression, is associated
with increased mortality risk.20

Consensus has not yet been
achieved on how best to use the
molecules/cell measure of HLA-DR
expression in the PICU; therefore,
the 30% expression threshold was
used for these definitions.

Reduced ex vivo Lipopolysaccharide-
Induced Tumor Necrosis Factor-a
Response

The ability of whole blood to
produce cytokines when stimulated
ex vivo is also reduced in the setting
of immunoparalysis. Reduced
production of the cytokine tumor
necrosis factor (TNF)-a by whole
blood on ex vivo stimulation with
lipopolysaccharide (LPS) has been
consistently shown to be associated
with adverse outcomes from
pediatric critical illness. These
outcomes include nosocomial
infection, prolonged organ
dysfunction, and death in patient
populations including children with
cardiopulmonary bypass,26,27

sepsis,28 MODS,18,29 trauma,30 and
critical influenza.4 Standardization
of the LPS stimulation reagent,
blood volumes used, incubation
duration, and TNFa quantitation
platform are essential for clinical
use given that clinically relevant
thresholds of TNFa response will
vary depending on the
characteristics of the assay. Like
measurement of monocyte HLA-DR
expression, measurement of the
TNFa response is not available for
clinical use in the United States,
although is available elsewhere.

CONCLUSIONS

Impairment of the immune system
is common in pediatric critical
illness and is associated with
adverse outcomes including
increased risks for nosocomial
infection, prolonged organ
dysfunction, and death. Although
many biomarkers of the
inflammatory response are not
specific to the immune system, it is
likely that proteomic profiling,
transcriptomic profiling, or a
combination of both31 may allow us
to identify children with immune
system dysfunction in the PICU. For
now, this is limited to the research
environment, but the transition of
this approach to the clinical
laboratory is a key priority in the
field (see Supplemental Information
for additional detail on research
priorities) Severe reductions in
neutrophil and lymphocyte numbers
(including CD4+ T cells) can predict
adverse outcomes in critically ill
children and are easily measurable
in the clinical laboratory. Measures
of immunoparalysis including severe
reductions in monocyte HLA-DR
expression and/or the ex vivo TNFa
response represent additional
indicators of immune system
dysfunction in critically ill children.
Expanding the availability of these
tests to US clinical laboratories is
another key priority in the field.

ABBREVIATIONS

ALC: absolute lymphocyte count
LPS: lipopolysaccharide
MODS: multiple organ

dysfunction syndrome
TNF: tumor necrosis factor
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