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Abstract

OBJECTIVE: Interest in using bedside C-reactive protein (CRP) and ferritin levels to identify
patients with hyperinflammatory sepsis who might benefit from anti-inflammatory therapies has
piqued with the COVID-19 pandemic experience. Our first objective was to identify patterns in
CRP and ferritin trajectory among critically ill pediatric sepsis patients. We then examined the
association between these different groups of patients in their inflammatory cytokine responses,
systemic inflammation, and mortality risks.

DESIGN: A prospective, observational cohort study. Plasma CRP (mg/dL), ferritin (ng/mL), and
31 cytokine levels were measured at two timepoints during sepsis (median Day 2 and Day 5).
Group-based multi-trajectory models (GBMTM) identified groups of children with distict patterns
of CRP and ferritin.

SETTING: Nine pediatric intensive care units in the United States.
PATIENTS: Children with sepsis and organ failure.

MEASUREMENTS AND MAIN RESULTS: Two hundred and fifty-five children were enrolled.
Five distinct clinical multi-trajectory groups were identified. Group 1 had normal CRP and ferritin
levels (n = 8; 0% mortality); Group 2 had high CRP levels that became normal, with normal
ferritin levels throughout (n = 80; 5% mortality); Group 3 had high ferritin levels alone (n=16;

6% mortality); Group 4 had very high CRP levels, and high ferritin levels (n = 121; 11%
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mortality); and, Group 5 had very high CRP and very high ferritin levels (n = 30; 40% mortality).
Cytokine responses differed across the 5 groups, with ferritin levels correlated with macrophage
inflammatory protein 1la levels and CRP levels reflective of many cytokines.

CONCLUSIONS: Bedside CRP and ferritin levels can be used together to distinguish groups of
children with sepsis who have different systemic inflammation cytokine responses and mortality
risks. These data suggest future potential value in personalized clinical trials with specific targets
for anti-inflammatory therapies.

Keywords

Sepsis; Immunomodulation; C-reactive protein; Ferritin; Children; Multiple Organ Failure

Methods

A recent audit of 109 million death records found that sepsis contributes to 1 in 5 deaths
globally with one third occurring in the pediatric population, predominantly in resource

poor settings.> Current management of pediatric sepsis includes early use of appropriate
antibiotics and cardiovascular support with little attention to inflammation. Interest in
therapeutic targeting of systemic inflammation in sepsis has been piqued by the SARS CoV?2
pandemic. Two inexpensive, readily available, non-specific biomarkers, C-reactive protein
(CRP) and ferritin, are commonly used to identify systemic inflammation and track therapies
directed to systemic inflammation unrelated to infection.2 In two single center studies we
reported that hospitalized children overall, and septic children in particular, have: 1) little

to no risk of mortality when neither biomarker is elevated; 2) increased mortality risk when
peak CRP alone or peak ferritin alone are high; and 3) very high mortality risk when both
peak CRP and peak ferritin levels are high.34 These observations raise the possibility that
paired measurement of CRP and ferritin levels could provide a novel metric for systemic
inflammation mortality risk.

In this manuscript we provide the first multicenter assessment using the combination of CRP
and ferritin levels to identify systemic inflammation mortality risk in pediatric sepsis. We
also use a novel statistical method termed group-based multi-trajectory modeling (GBMTM)
to take full advantage of our multivariable longitudinal data.®> The primary purpose of

this study is to identify independently distinct systemic inflammation groups based on

their trajectory in CRP and ferritin level during sepsis. We also test the hypothesis that
designation by group is also associated with certain discriminate inflammatory cytokine
profiles, and mortality risks.

Study protocol and definitions

The present manuscript employs multi-trajectory modeling of CRP and ferritin to derive
novel pediatric sepsis groups in children previously enrolled and reported in the 9 center
Eunice Kennedy Shriver National Institutes of Child Health and Development Collaborative
Pediatric Critical Care Research Network Phenotyping Pediatric Sepsis induced Multiple
Organ Failure (PHENOMS) study who had two sequential CRP and ferritin measured in
aweek.57 The study was approved by the central Institutional Review Board (IRB) of the
University of Utah, IRB #70976. Written informed consent was obtained from one or more
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parents/guardians for each child. Assent was garnered when the child was able. Patients
were enrolled from 2015-2017.

The details of the clinical study protocol have been previously published. & 7 In brief, the
children qualified for enroliment in the study if they 1) were between the ages of 44 weeks
gestation to 18 years of age; 2) were suspected of having infection with two or more of four
systemic inflammatory response criteria;8 3) had one or more organ failures as defined by
modified criteria of Proulx et al;® and 4) had an indwelling arterial line or central venous
catheter for blood drawing. The children were excluded from enrollment if there was lack of
commitment to aggressive care.

Clinical data were assessed daily until 28 days or discharge from the PICU. These included
demographic variables (age, sex, previously healthy status, post-op status), pediatric risk
of mortality score 3 (PRISM-3) to assess severity of illness at admission, and organ
failures (Central Nervous System = Glasgow Coma Scale score < 12 not explained

by use of sedation; Cardiovascular = requirement for vasoactive agents for systolic

blood pressure < 5t percentile for age; Respiratory = paO2/FiO2 ratio < 300 requiring
mechanical ventilation; Renal = oliguria and serum creatinine > 1mg/dL; Hepatic = alanine
aminotransferase > 100 and bilirubin > 1 mg/dL; Hematologic = platelet count < 100K and
international normalized ratio > 1.5) to assess organ failure index or the number of organ
failures.#®:7 An organ failure index was generated as an integer score with 1 point assigned
for each of the above organ failures. PRISM-3 was calculated using the worst physiologic
values within a modified six-hour window ranging from two hours prior ICU admission to
four hours post ICU admission.

Blood samples were obtained after 24 hours of sepsis associated organ failure (because

CRP and ferritin levels peak at 12 — 24 hours)? and twice a week thereafter. The blood
samples were analyzed for measurement of CRP and ferritin as well as 31 additional
cytokine biomarkers, including an assay for ADAMTS13 activity which is a marker of
thrombotic microangiopathy when < 57% of control, and an assessment of immunoparalysis
defined as whole blood ex vivo TNFa response to endotoxin < 200 pg/mL.>-7-10.11

Plasma for cytokine measurement was divided into three assays. IL-18, IL-18BP, and
CXCL9 were measured at 25-fold dilution.12 IFNB, sCD163, and IL-22 were measured

by Bioplex inflammatory flex-set assay per manufacturer’s instructions (Bio-Rad). The
remainder were measured by Bioplex Group I/11 flex-set assay (Bio-Rad). All cytokines
were measured on a BioPlex 200 System (Bio-Rad). The functional assays were measured
as previously described.46:7:10.11 The biomarkers were used to generate cytokine response
profile heat maps and also to confirm multiple organ failure (MOF) outcomes characterized
as immunoparalysis associated MOF (immunoparalysis beyond three days with two or more
organ failures),*6:7:10.11 and macrophage activation syndrome (MAS, defined by ferritin >
500 ng/mL with platelet count < 100x10%L, INR > 1.5, ALT > 100 IU/L and bilirubin > 1
mg/dL).4'6'7'13*14

Statistical Methods

Study sample collection occurred twice weekly with over 90% of the first two scheduled
samples occurring within the first week of sepsis induced organ failure. Recognizing
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that a significant number of patients were discharged, died, or met blood draw limits

before later collection periods, we chose to build early models across subjects’ first two
sampling time points. A modern statistical approach to finite mixture modeling, GBMTM,
was used to categorize pediatric sepsis patients into distinct groups or latent classes that
demonstrated similar CRP and ferritin trajectories over the first two study sampling periods.®
Multi-trajectories for a different number of specified groups (1 through 5) were then
constructed and evaluated. Statistical measures of model fit included Bayesian Information
Criteria (BIC) and Akaike Information Criteria (AIC) and were evaluated alongside clinical
interpretations for each set of biomarker trajectories to determine the most appropriate
number of trajectory groups to present and analyze (Supplemental Table 1). The set of
five-group multi-trajectories appeared to offer the most clinical information, as well as

the best AIC and BIC values. Five groups were accordingly chosen for further analysis

with patients’ clinical outcomes and other clinically meaningful biological measures.
GBMTM was performed using the SAS based software implementation found at https://
www.andrew.cmu.edu/user/bjones/index.htm. Analyses were performed using SAS 9.4 (SAS
Institute; Cary, NC) software with p-values < 0.05 deemed statistically significant unless
stated otherwise.

Distributions of combined CRP and ferritin measurements at the first two sampling periods
were explored by constructing a two-dimensional bagplot. A bagplot is analogous to a
bivariate boxplot.1> A center point is calculated based on determination of the Tukey depth,
through which any biplane will split the data approximately in half, and a darker-shaded,
inner “bag” is plotted which encloses approximately 50% of data points. An outer “fence”
encompassing a distribution of points is then constructed by inflating the bag by a specified
factor. Lines connect the edge of the inner bag to points between the bag and outer

fence. A factor of 3.0 was selected for this analysis such that the fence would encompass
approximately 97% of points if the data were of a normal distribution. Both variables

were converted to log scale for data exploration given high skew of the untransformed
distributions.

All cytokine values are grouped based on multi-trajectory groups (1-5) and sampling time
points (the first two samples collected according to the PHENOMS sampling schedule and
reported as Sample Day 1 and Sample Day 2) to compare between groups and sampling
days. In the heatmap, the color of each cell represents the log ratio of the median biomarker
value comparing each group to the entire cohort study. Red represents a greater median
biomarker value for that group compared with the median for the entire study cohort,
whereas blue represents lower median biomarker values compared with the median for

the entire study cohort. Cytokines were clustered by the hierarchical clustering method.
Heatmap analyses were performed with R version 3.6.2.

The primary outcome was death in the PICU (PICU mortality). Secondary outcomes
included development of organ failure(s); length of stay in the PICU; and as defined
previously in this methods section subsequent development of immunoparalysis,*6:7:11.16
and MAS.46.7.13.14.16 For exploratory outcomes related to the multi-trajectory groups, we
also evaluated use of invasive organ support therapies including mechanical ventilation
(MV), continuous renal replacement therapies (CRRT), and extracorporeal membrane
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oxygenation (ECMO). CRRT and ECMO were used according to local site convention
and protocols. Exploratory multivariable models were also constructed to examine
associations between trajectory groups and mortality, adjusting for age, PRISM-3, and
immunocompromised status.

Two hundred and fifty five of the 401 patients originally enrolled in the PHENOMS study
had paired CRP and ferritin twice in the first week and were selected for analysis. One
hundred and forty-six patients were missing the first or second samples in the first week

of enrollment, 82 of which left the PICU alive (n=76) or died (n=6) before or on the same
study day the second sample was scheduled to be collected (Supplemental Figure 1). Thirty
of the 255 children with two samples died in the PICU (12% mortality). Figure 1 shows the
bagplot of combined CRP and ferritin measurements on the day of first sampling (Figure 1a
- median day 2 of sepsis; [IQR day 1 - day 3]) and the day of second sampling (Figure 1b -
median day 5 of sepsis; IQR day 5 - day 6]). The median patient on the first sampling day
(Tukey Median) had a CRP of 9.44 mg/dL and ferritin of 274 ng/mL. The median patient
(Tukey Median) on the second sampling day had a CRP of 3.27 mg/dL and ferritin of 206
ng mL. All five patients exhibiting extreme hyperinflammation, indicated by being outside
the outer bag and therefore beyond the 97t percentile of systemic inflammation distribution
who had CRP or ferritin levels greater than the Tukey Median CRP or ferritin levels, died in
the PICU. Patients representing the lower half of combined CRP and ferritin inflammation
(inner bag) at first sampling had 8% mortality compared to 16% mortality in those with
higher combined CRP and ferritin inflammation (outside the inner bag) (Figure 1 top panel).

Figure 2 shows the results obtained using group-based trajectory modeling of multiple
outcomes to assess the paired CRP and ferritin levels. The results presented in Figure 2 are
model generated estimates and are therefore representative but not identical to the values
of CRP and ferritin observed in the cohort. Five distinct multiple trajectory groups were
derived based on BIC and AIC criteria (Supplemental Table 1) with probability modeling
and clinical relevance assessment: Group 1 showed normal CRP and ferritin levels (n = 8);
Group 2 had high CRP alone (median 4 mg/dL) that normalized to < 1 mg/dL (n = 80);
Group 3 had high ferritin alone (median 908 ng/mL) that remained increased (median 605
ng/mL) (n = 16); Group 4 had very high CRP alone (median 16 mg/dL) that remained
high (median 8 mg/dL) (n = 121); and Group 5 had both very high CRP levels (median 17
mg/dL) and very high ferritin levels (median 4,058 ng/mL) that remained very high at 11.12
mg/dL and 3,926 ng /mL, respectively (n = 30).

Table 1 shows the clinical characteristics of Groups 1 through 5. Age, physiological severity
of illness, cancer diagnosis, and transplantation diagnosis differed across the groups (p <
0.05; Table 1). Figure 3 shows the heatmap of 29 inflammatory cytokines, CRP and ferritin,
and two functional assays, ADAMTS13 activity and assessment of immunoparalysis.
Hierarchical cluster analysis shows that ferritin levels correlated with MIP-1-a whereas,
CRP reflected many cytokines (y — axis Figure 3). Supplemental Tables 2 and 3 show the
median [IQR] values of these tests at sampling day 1 and sampling day 2.

Pediatr Crit Care Med. Author manuscript; available in PMC 2023 December 01.
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The cytokines SCF, sCD163, IL-8, IL-18, CXCL9, M-CSF, IL-6, IP10/XCXCL10, IL-18BP,
MCP-1/CCL2, TNFa, MIP-1-B, IL-22, IL2RA, IL-16, IL-10, MCP-3, IFNB, MIP-1-a and
the non-specific systemic inflammation biomarkers CRP and ferritin differed across the five
groups and were increased in Group 5 (red) compared to Group 1 (blue). The macrophage
activation inhibitor TRAIL response (TNF receptor apoptosis inducing ligand), the presence
of immunoparalysis, and the ADAMTS13 activity response also differed across the five
groups but in the opposite direction being decreased in Group 5 (blue) compared to Group

1 (red). The different cytokine patterns across the groups demonstrate that the five distinct
multiple trajectories of CRP and ferritin are characterized by different immune activation
profiles in children with sepsis.

Patients with the highest ferritin levels (Group 3 and Group 5) had the highest MIP-1-a
response and accompanying immunoparalysis evident at first sampling. Pairwise comparison
indicated that Group 5 had a significantly greater prevalence of immunoparalysis of 67%
compared to 25% in Group 3 (Fisher’s Exact Test £=0.01). This increased MIP-1-a
response and immunoparalysis resolved by second sampling in patients with high ferritin
and low CRP (Group 3); however, the increased MIP-1-a response and immunoparalysis
persisted at second sampling in patients with very high CRP and very high ferritin (Group
5) as did increased IL-6, IL-8, MCP-1/CCL2, and IFNP. Patients with very high CRP
levels and very high ferritin levels (Group 5) also had higher sCD163, IL-8, IL-18, CXCL9,
M-CSF, IL-18BP, MCP1. IL-10, MIP-1-a,, IL-16, IP-10, TNFa, and IL2RA levels than
patients with very high CRP levels alone (Group 4). Patients with very high CRP levels
alone (Group 4) had higher sCD163, IL-8, MCSF, IL-6, IL-18, MCP1, TNFa, MIP-1-B,
IL-22, IL-10, MIP-1-a, CRP, and ferritin levels than those with normal or high CRP levels
alone (Groups 1 and 2).

Table 2 shows outcomes according to multi-trajectory group. Development of maximum
organ failures (median [IQR]) and mortality (%) increased across the groups: Group 1 —
maximum organ failures = 2 [1, 2], 0% (0/8) mortality; Group 2 — maximum organ failures
=21, 2], 5% (4/80) mortality; Group 3 — maximum organ failures = 3 [2, 3], 6% (1/16)
mortality; Group 4 - maximum organ failures = 2 [2, 3], 11% (13/121) mortality; and Group
5 — maximum organ failures = 3 [2, 4], 40% (12/30) mortality. Development of MAS, and
immunoparalysis differed across the groups: Group 1 - MAS 0% (0/8), immunoparalysis
25% (2/8); Group 2 — MAS 1% (1/80), immunoparalysis 16% (13/80); Group 3 — MAS 25%
(4/16), immunoparalysis 25% (4/16); Group 4 — MAS 7% (8/121), immunoparalysis 27%
(33/121); and Group 5 — MAS 20% (6/30), immunoparalysis 67% (20/30). Requirements
for CRRT also differed across the groups: Group 1 - CRRT 13% (1/8); Group 2 - CRRT
5% (4/80); Group 3 — CRRT 19% (3/16); Group 4 CRRT 11% (13/121); and Group 5

— CRRT 57% (17/30). In exploratory multivariable models, Group 5 was significantly
associated with mortality compared with Groups 1-4 after adjusting for age, PRISM 111

and immunocompromised status both concomitantly (Table 3) and individually (all £~<0.01;
Supplemental Tables 4-7).
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Discussion

This multicenter study should inform planning of future clinical trials of anti-inflammatory
therapies in pediatric sepsis in two ways.1? First, it corroborates our two, previous single
center reports showing that systemic inflammation mortality risk increases in children

with high CRP or ferritin alone, with even greater mortality risk when CRP and ferritin

are both elevated.3# These findings also confirm feasibility of using inexpensive and

readily available CRP and ferritin bedside measurements for mortality risk stratification

in pediatric sepsis. Second, this multicenter study provides information about different
cytokine response profiles in five distinct CRP and ferritin multi-trajectory groups. These
data may better enable our ability to rationalize personalized testing of specific therapies that
target cytokines with the purpose of reducing systemic inflammation and mortality risk.

Repeated assessment of inflammatory biomarkers and cytokine-targeted therapies are
mainstays of rheumatic disease management. The recent COVID-19 pandemic has
brought more attention to the interplay between infectious syndromes and detrimental

host immune response. Relatedly, sepsis has long been broadly defined as infection
leading to life-threatening organ dysfunction, though the threshold at which dysregulated
systemic inflammation becomes the predominant threat versus an invading pathogen

is poorly understood. Antibiotics and infection source control remain the foundation

of sepsis management. However, we have now found that CRP and ferritin — two

widely available biomarkers -- hold promise for individualizing treatments directed at
sepsis-related systemic inflammation. As an example, two anti-cytokine therapies, IL-6
monoclonal antibody (inhibits IL-6 effects) and interleukin-1 receptor antagonist protein
(inhibits production of IL-8 and MIP-1-a in mixed lymphocyte reactions without affecting
lymphocyte proliferation),18 have been reported effective in reducing mortality in adults
with hyperinflammatory COVID-19 sepsis, with the former showing biologic efficacy only
in patients with elevated CRP, and the latter showing biologic efficacy in all patients.19

In our multicenter study we observed elevated IL-6 levels in the two multi-trajectory
groups of children with very high CRP levels; elevated IL-8 and MIP-1-a levels in the
three groups of children with highest ferritin levels; and the highest IL-6, IL-8, and
MIP-1-a levels in the one group of children with very high CRP and very high ferritin
levels (all potentially targetable with IL-1 receptor antagonist protein). These observations
have therefore provided a rationale for our research network to design an adaptive placebo-
controlled trial of interleukin-1 receptor antagonist protein to target CRP and ferritin based
systemic inflammation mortality risk in pediatric sepsis (NCT05267821).

Interaction with the CRP receptor on macrophages in the reticuloendothelial system leads
to phagocytosis, antigen processing, and clearance. In the context of sepsis, CRP can
orchestrate reticuloendothelial system activation. Groups 2 and 4 demonstrated persistently
elevated CRP values and greater mortality than Group 1, which had persistently low CRP
measurements. These findings are compatible with previous reports associating persistently
high levels of CRP despite antibiotic administration with mortality due to unremitting
bacterial infection and organ failure.320 Notably, ferritin was also low in Group 1 and the
cytokine profile for this group identified elevated levels of IL-1a, IL-4 and I1L-13. IL-4 and
IL-13 are mediators of allergic inflammation, while IL-1a rises in response to sterile injury,
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raising the possibility that this group may represent patients with aseptic or allergic systemic
inflammatory response syndrome.?!

More recently, very high ferritin levels in the absence of iron overload have been recognized
as indicative of macrophage activation and hyperinflammation. During viral infection, toll
like receptor 9 is activated by viral antigens leading to macrophage inflammasome activation
with feed forward IL-1 and IL-18 production leading to synthesis and release of iron-poor
ferritin.22-24 We observe high ferritin, I1L-18 and MIP-1-a with low CRP levels in patients
in Group 3. Wang and colleagues have shown in rodents that sequential exposure to

viral antigen/infection and then bacterial antigen/infection (but not viral followed by viral,
or bacterial followed by bacterial, or bacterial followed by viral infection) induces the
hyperinflammatory, hyperferritinemic, sepsis response with high CRP and ferritin analogous
to the biomarker trajectories evident in Group 5 in our analysis.2®> Under this sequential
antigen challenge, rodents reach ferritin levels of 6,000 ng/mL with concomitantly increased
TNFa, IL-6 and sCD25 levels. Patients with very high CRP and very high ferritin in our
present study (Group 5) similarly exhibit increased TNFa, IL-6, and sSCD25 (IL2RA) levels,
as well as very high levels of IL-8 and MIP-1-a (co-regulates with ferritin) indicative of
hyperinflammatory hyperferritinemic sepsis-driven macrophage activation. Immunoparalysis
paralleled the hyperferritinemic inflammation profile.

Children with low CRP and high ferritin (Group 3) had high MIP-1-a, and immunoparalysis
at first sampling that resolved and recovered respectively by second sampling; whereas,
children with very high CRP and very high ferritin (Group 5), had high MIP-1-a (co-
regulates with ferritin), and immunoparalysis that persisted along with elevated IL-6 and
IL-8 levels. On comparing group 5 with group 3, immunoparalysis differed significantly,
occurring in two-thirds of patients in group 5 (both very high CRP and ferritin), but only
one-quarter of patients in group 3 (low CRP and high ferritin). Persistent immunoparalysis
may be related, in part, to profound iatrogenic myeloablation or immunosuppression, occult
viral DNAemia, or pathogenic variants of immunity.26-28 Interestingly, circulating levels of
the macrophage activation inhibitor TRAIL (TNF receptor apoptosis inducing ligand), which
also has anti-cancer properties,2? were decreased in patients with very high CRP levels with
or without very high ferritin levels (Groups 4 and 5). This observation supports further study
of therapeutic use of TRAIL to decrease inflammation in these two groups of patients who
had the highest systemic inflammation mortality risks.

There are several limitations to consider in our study. First, this cohort was enrolled prior
to the COVID-19 pandemic and included children with sepsis, the leading global killer
of children from 1998-2017. Second, the cohort is limited to sepsis patients who were in
the PICU for two blood draws in a week. This small cohort size with a relatively rare
primary outcome of mortality precluded the construction of robust multivariable models
due to limited statistical degrees of freedom. Third, although CRP and ferritin monitoring
is feasible in resource-poor and resource-rich settings alike, our study was performed in
9 resource-rich PICUs, therefore findings will require validation in resource-poor centers.
Fourth, CRP and ferritin are non-specific biomarkers. Established risk stratification tools
including the Pediatric Sepsis Biomarker Risk Model I (PERSERVERE 11)30:31 and
transcriptomics32 are superior but not yet practicable in resource-poor settings where
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most global deaths occur. Fifth we only assessed 31 cytokines and functional assays
associated with hyperinflammation syndromes in children limiting clinical insights into
other cytokines.

Conclusions

Our multi-center study validates our previous two single center studies showing that
systemic inflammation mortality risk can be assessed with combined measurement of CRP
and ferritin levels. The present study further reveals different cytokine response profiles
according to CRP and ferritin level multi-trajectory groups. In the future, such phenotypic
characterization, and targeting with specific biologic therapies and anti-inflammatory
strategies to reduce systemic inflammation may improve outcomes in pediatric sepsis in
resource rich and resource poor settings alike.11:14

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT

. Interpretable and readily available diagnostics are needed to guide targeted
anti-inflammatory therapies for children with sepsis.

. Emerging evidence is identifying unique sepsis phenotypes.

. This study examines the utility of C-reactive protein and ferritin for
distinguishing sepsis inflammation phenotypes.

AT THE BEDSIDE

. C-reactive protein and ferritin are low-cost, widely available tests that are
associated with specific inflammatory profiles.

. Distinct sepsis inflammation phenotypes may offer novel therapeutic targets
among children with sepsis.

. Prospective trials are needed to examine biomarker-guided sepsis treatments.
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Bagplot of combined CRP and ferritin levels at first and second sampling (median day 2 and
day 5 of sepsis). Figure 1a — Bagplot on first sampling day shows Tukey median CRP 9.44
mg/dL and ferritin 273.61 ng/mL. Figure 1b — Bagplot on second sampling day shows Tukey
median decreased to CRP 3.27 mg/dL and ferritin 206 ng/ mL. All children with CRP and/or
ferritin levels beyond the outer bag (> 97% inflammation) and > Tukey median CRP and

ferritin levels died (circles).
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Figure 2 —.

Predicted prevalence of five distinct CRP-ferritin Multi-trajectory Groups — CRP and
Ferritin levels both low and normal in Group 1, CRP levels alone increased in Group 2,
Ferritin levels alone increased in Group 3, only CRP levels very high in Group 4, both CRP
and ferritin levels very high in Group 5. Group 1 = 3% (0% mortality); Group 2 = 31% (5 %
mortality); Group 3 = 7% (6 % mortality); Group 4 = 47% (11% mortality); and Group 5 =
12% (40% mortality).
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Figure 3 —.

Hgatmap of CRP, ferritin and 31 inflammatory biomarkers among CRP-ferritin multi-
trajectory Groups 1-5 on sampling days 1 and 2 (median day 2 and day 5 of sepsis). Legend
shows color coding for log odds ratio at -2, 0, and +2 comparing group median to overall
median, blue median less than whole cohort median, red median greater than whole cohort
median (eg. Highest inflammation and lowest ADAMTS13, TRAIL, and whole blood ex
vivo TNFa response observed in Group 5). Ferritin co-regulates with MIP-1-a and CRP is
reflective of many cytokines according to hierarchical cluster analysis on Y axis.
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Table 1.

Clinical characteristics by CRP-ferritin multi- trajectory groupl

Page 17

CRP-ferritin Multi- Trajectory Group

Group 4 (N=
Groupl(N=8) Group2(N=80) Group3(N=16) 121) Group5 (N =30) P-value

Age at onset of organ 1[0,2] 311, 8] 470, 11] 813, 14] 10 [6, 13] < 0012
failure (in years) '
Male 3(38%) 42 (53%) 9 (56%) 75 (62%) 14 (47%) 0 3533
PRISM 6 [0, 12] 713, 12] 15[8, 22] 95, 15] 95, 13] 0 0192
OFI on Day 0 1[1,2] 2[1,2] 3[1,3] 21, 2] 2[1,3] 0.099%
Cancer 0 (0%) 2 (3%) 3(19%) 6 (5%) 15 (50%) < 0013
Transplant 0 (0%) 2 (3%) 2 (13%) 5 (4%) 11 (37%) < 0013
Chronic illness 4 (50%) 41 (51%) 11 (69%) 64 (53%) 23 (77%) 0 1043
INFECTIONS AT
ELIGIBILITY4

Bacterial 3(38%) 22 (28%) 4 (25%) 55 (45%) 13 (43%) 0 2753

Viral 4 (50%) 35 (44%) 4 (25%) 25 (21%) 8 (27%) 0 0883

Fungal 0 (0%) 0 (0%) 0 (0%) 2 (2%) 1 (3%) 0 6273

Only subjects with the first two samples were included in biomarker trajectory analyses.

2KruskaI-WaIIis test.

3. R
Fisher’s exact test (Monte Carlo approximation).

Documented infections at the time of study eligibility are reported. The statistical tests compare documented vs. suspected infections.
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Table 3.

Biomarker trajectory multivariable model

PICU mortality
Overall (N =255) Survived (N =225) Died (N=30) Odds ratio (95% CI) P-value

Biomarker trajectory <.001

Groups 1-4 225 (88%) 207 (92%) 18 (60%) Reference

Group 5 30 (12%) 18 (8%) 12 (40%) 7.03 (2.52, 20.15)
Age 6[2,12] 62, 12] 92, 15] 1.03 (0.95, 1.11) 0.469
PRISM-3 8[3,15] 83, 14] 11[3,19] 1.04 (0.98, 1.09) 0.186
Immunocompromised 66 (26%) 53 (24%) 13 (43%) 1.08 (0.39, 2.76) 0.872

Estimates are based on a multivariable model, adjusting for each of the predictors in this table.

Abbreviations: PRISM, pediatric risk of mortality score.
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