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Objectives: Ongoing adult sepsis clinical trials are assessing
therapies that target three inflammation phenotypes including
1) immunoparalysis associated, 2) thrombotic microangiopathy
driven thrombocytopenia associated, and 3) sequential liver failure
associated multiple organ failure. These three phenotypes have not
been assessed in the pediatric multicenter setting. We tested the
hypothesis that these phenotypes are associated with increased
macrophage activation syndrome and mortality in pediatric sepsis.
Design: Prospective severe sepsis cohort study comparing chil-
dren with multiple organ failure and any of these phenotypes to
children with multiple organ failure without these phenotypes and
children with single organ failure.
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Setting: Nine PICUs in the Eunice Kennedy Shriver National Insti-
tutes of Child Health and Human Development Collaborative Pe-
diatric Critical Care Research Network.

Patients: Children with severe sepsis and indwelling arterial or
central venous catheters.

Interventions: Clinical data collection and twice weekly blood
sampling until PICU day 28 or discharge.

Measurements and Main Results: Of 401 severe sepsis cases
enrolled, 112 (28%) developed single organ failure (0% mac-
rophage activation syndrome 0/112; < 1% mortality 1/112),
whereas 289 (72%) developed multiple organ failure (9% mac-
rophage activation syndrome 24/289; 15% mortality 43/289).
Overall mortality was higher in children with multiple organ and
the phenotypes (24/101 vs 20/300; relative risk, 3.56; 95% CI,
2.06-6.17). Compared to the 188 multiple organ failure patients
without these inflammation phenotypes, the 101 multiple organ
failure patients with these phenotypes had both increased macro-
phage activation syndrome (19% vs 3%; relative risk, 7.07; 95%
Cl, 2.72-18.38) and mortality (24% vs 10%; relative risk, 2.35;
95% Cl, 1.35-4.08).

Conclusions: These three inflammation phenotypes were associ-
ated with increased macrophage activation syndrome and mor-
tality in pediatric sepsis-induced multiple organ failure. This study
provides an impetus and essential baseline data for planning mul-
ticenter clinical trials targeting these inflammation phenotypes in
children. (Pediatr Crit Care Med 2019; 20:1137-1146)

Key Words: immune paralysis; macrophage activation syndrome;
sequential failure associated multiple organ failure;
thrombocytopenia associated multiple organ failure

liver

in PICUs reported 25% mortality (1), with the highest
rates found in children who developed new and pro-
gressive multiple organ failure (MOF) (2). In contrast to shock
which causes death in less than 3 days (3), this condition leads
to death after 3 days independent of timely administration of
antibiotics and fluids in the emergency department (3-5). Pre-
sent day treatment is directed to removing the infection source
and supporting organ dysfunction without addressing inflam-
mation pathobiology. It is unknown whether clinical trials that
focus on inflammation pathobiology phenotypes could im-
prove outcomes in these children who die late MOF deaths.
Three specific inflammation phenotypes related to abnormal
immune and coagulation responses in sepsis include as follows:
1) immunoparalysis associated MOF (IPMOF) (6-10), charac-
terized by prolonged depression of innate and adaptive immu-
nity contributing to secondary infections; 2) thrombocytopenia
associated MOF (TAMOF) (11-20), characterized by throm-
botic microangiopathy with decreased a disintegrin and metal-
loproteinase with a thrombospondin type 1 motif, member 13
(ADAMTS13) activity contributing to inability to resolve von
Willebrand factor (vWF) multimer thrombi formation espe-
cially in the kidney, and 3) sequential liver failure associated
MOF (SMOF) defined by high circulating soluble Factor-related

g contemporary global point prevalence study of sepsis
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Apoptosis Ligand (sFasL) contributing to subsequent liver in-
jury (21-24). As a final common pathway of uncontrolled in-
flammation, macrophage activation syndrome (MAS) can occur
in the setting of any of these sepsis phenotypes (25-28).

Adult clinical trials targeting these three inflammation phe-
notypes include studies of 1) septic immunoparalysis patients
that use granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) and/or interferon-gamma to restore immune
function and prevent secondary infection (NCT000252915,
NCT02361528); 2) septic TAMOF patients with thrombotic
microangiopathy that use plasma exchange (NCT02906345)
or soluble thrombomodulin (NCT00487656) to restore co-
agulation hemostasis and resolve organ failure, as well as
patients with bacterial toxin-mediated thrombotic microan-
giopathy that use C5A monoclonal antibody (NCT01194973,
NCT01410916) to control overactivation of complement
to liberate patients from renal replacement therapy depend-
ence; and 3) septic post transplantation patients who develop
Epstein-Barr virus-related SMOF that use CD20 monoclonal
antibody to improve survival (NCT01058239). Differential
modulation of uncontrolled inflammation manifest as MAS
related to these phenotypes is being studied in septic adults
in a trial which uses interferon y for patients with immunopa-
ralysis to restore immune function, but interleukin-1 receptor
antagonist protein treatment for those with hyperferritinemia
to reduce inflammation (NCT03332225).

The Eunice Kennedy Shriver National Institute of Child
Health and Human Development Collaborative Pediatric
Critical Care Research Network is interested in investigating
U.S. Food and Drug Administration-approved treatments for
new pediatric indications in these sepsis phenotypes (25, 26).
In a single-center pediatric “proof of concept” study performed
from 2009 to 2014, we found that these three inflammation
phenotypes were present alone and in overlap in association
with increased MAS and PICU mortality in sepsis-induced
MOF (27). The purpose of our present study is to now assess
these three phenotypes in the multicenter setting to inform
plausibility for extending pertinent adult trials into our PICU
network. We performed the present multicenter study from
2015 to 2017 testing the hypothesis that the three inflamma-
tion phenotypes are associated with increased MAS and mor-
tality in pediatric sepsis-induced MOF by comparing children
who developed MOF with these phenotypes to children who
developed MOF without these phenotypes and children who
never developed MOF.

MATERIALS AND METHODS

Based on analysis of the results of our previous single-center
study, a sample size of 400 subjects was targeted (27). After
obtaining Institutional Review Board approval in the nine
participating PICUs at Children’s Hospital of Pittsburgh, Chil-
dren’s Hospital of Philadelphia, Children’s National Medical
Center, Children’s Hospital of Michigan, Nationwide Chil-
dren’s Hospital, Children’s Hospital of Los Angeles, St. Louis
Children’s Hospital, C. S. Mott Children’s Hospital, and Mat-
tel Children’s Hospital at University of California Los Angeles,
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written parental permission was obtained and 401 children
were enrolled between 2015 and 2017. Inclusion criteria were
diagnosis of severe sepsis, an existing indwelling central venous
or arterial catheter for blood drawing, an age greater than 44
weeks gestation and less than 18 years. The exclusion criterion
was a lack of commitment to aggressive care. In addition, in
order to reduce over-representation in the population sample
from individual sites or seasonal epidemics, the total enroll-
ments allowed per center were capped at 80 patients, and the
total number of enrollments per quarter from all sites taken to-
gether were capped at 80 patients. In order to enrich for patients
who survived their initial presentation but subsequently died
after 3 days with MOF, we performed screening and enroll-
ment for patients twice weekly every Monday/Tuesday and
Thursday/Friday rather than daily. Subsequent biomarker and
clinical data were assessed twice weekly (Monday/Thursday or
Tuesday/Friday) up to 28 days in the PICU.

“Sepsis” was defined by the presence of two or more of the
following four criteria: 1) tachycardia, 2) tachypnea, 3) ab-
normal temperature, and 4) abnormal WBC count, plus sus-
picion of infection (29). “Organ failure” was defined using
modified organ failure index (OFI) criteria (Table 1) (22, 27,
30). “Severe sepsis” was defined by the presence of sepsis and
one or more organ failures (27, 29, 30). “MOF” was defined by
the development of two or more organ failures (27, 29, 30). The
phenotypes IPMOF (6, 27), TAMOF (11, 27), and SMOF (22,
27); as well as the outcome MAS (27, 28, 31, 32), were defined
according to clinical and confirmatory biomarker criteria used
in our previously published single-center study (27) (Table 1).
Justification for the confirmatory biomarker cutoff values for ex
vivo tumor necrosis factor (TNF) response in IPMOF (6-10),

Feature Articles

ADAMTSI13 in TAMOF (11, 15, 17-20), sFasL in SMOF (22—
24), and ferritin in MAS (28, 31-35) was based on previous lit-
erature. Patients who met clinical criteria for TAMOF, SMOEF,
or MAS, but received plasma exchange before measurement
of confirmatory biomarkers (SMOF n = 2; TAMOF n = 2), re-
quired only clinical criteria to be considered confirmed because
plasma exchange restores ADAMTS13 activity and removes
sFasL and ferritin. Mortality was defined a priori as PICU death
rather than 28-day mortality because deaths related to MOF
not uncommonly occur after 28 days in the PICU (27).

Two 4.7 mL blood samples were obtained twice weekly from
an indwelling arterial or central venous catheter. The whole
blood ex vivo lipopolysaccharide-stimulated TNF-o response
was determined as previously described (6, 27). Stimulation
kits were manufactured at Nationwide Children’s Hospital.
The kits were quality controlled with a coefficient of variation
less than 10%. TNF-o and sFasL assays were performed using
enzyme-linked immunosorbent assay (R&D). ADAMTS13 ac-
tivity was measured at the Institute for Transfusion Medicine
Clinical Laboratory (Pittsburgh, PA), and C-reactive protein
(CRP) and ferritin levels were measured at the University of
Pittsburgh Medical Center Clinical Laboratory.

The children were classified as members of three investi-
gational subgroups: those with MOF and one or more of the
three phenotypes, those with MOF without any of the three
phenotypes, and those without MOF (i.e., single organ failure).
Cohort characteristics were summarized using counts and per-
centages for categorical variables. Continuous variables were
summarized with the median and interquartile range (IQR).
Mean = sp, minimum, and maximum were also reported for
maximum ferritin and CRP values in order to provide a more

TABLE 1. Clinical and Biomarker Criteria Used to Define Three Inflammation Phenotypes,
Macrophage Activation Syndrome, and Mortality

Clinical Criteria

Confirmatory Biomarker

Thrombocytopenia associated MOF
(thrombotic microangiopathy)

Renal failure?

On at least one study day, the subject has
ALL of the following:

Platelet count of < 100,000/puL

A disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member
13 < 57% of normal at any time during
the study

OFI of three or more

Sequential liver failure associated MOF
(new hepatobiliary dysfunction [virus/
lymphoproliferative disease])

Immunoparalysis associated MOF

(immune depression) an OFI > 2

Macrophage activation syndrome (hyper
inflammation common end pathway)
failure®

Mortality Death in PICU

On at least one study day (consider day
3 or later only), the subject has both
hepatic failure® and pulmonary failure®

On at least one study day, the subject has

On at least one study day, the subject has
both hepatic failure* and hematologic

On at least one study day on or after day
3, the subject has a soluble Fas ligand
measurement > 200 pg/mL

Ex vivo whole blood endotoxin-stimulated
tumor necrosis factor-a response
<200 pg/mL at any time on day 3
or later

Ferritin > 500ng/mL on any study day

MOF = multiple organ failure, OFI = organ failure index.

°OFI definitions: “Cardiovascular”: Inotrope OR vasopressor infusion requirement; “Pulmonary”: Pao,/Fio, ratio of <8300 mm Hg AND mechanical ventilator
requirement; “Hepatic”: alanine aminotransferase > 100 U/L AND either bilirubin > 1.0 mg/dL OR international normalized ratio (INR) > 1.5; “Renal”: Creatinine
> 1 mg/dL with oliguria (urine output < 0.5 mL/kg/hr) or subject on renal replacement therapy; “Hematologic”: Platelet count < 100,000 cells/uL AND INR >

1.5; “CNS": Glasgow Coma Score < 12 in absence of sedatives.
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A Overlap of MOF Inflammation B

Single organ failure

http://links.lww.com/PCC/

Phenotypes in 101 patients

112/401 (28.0%)

MOF without phenotypes, and

B81), all had suspected in-
fection with 225 having
documented infection (141
bacterial infections, 112 viral

MOF Inflammation phenotypes

SMOF MOF with phenotypes infections, four fungal infec-
”« tions, and one protozoal in-
Vo piOF N0 188401 46.9%) fection) and 176 did not. The

average age of the children
MOF with 101/401 (25.2%) was 6.8 years (sp * 5.72 yr).
Phenotype(s)

There were 179 females (46%).
Two-hundred  twenty-three
(56%) had a chronic illness.
Forty-nine (12%) had a ma-

TAMOF
IPMOF
SMOF

lignancy and 8% had a solid
organ transplant (n = 8; 2%).
The median Pediatric Risk of
Mortality (PRISM)-III score

37/401 (9.2%)
85/401 (21.2%)
71401 (1.7%)

Figure 1. Distribution of organ failure groups in entire severe sepsis cohort. A, Distribution of immunoparaly-
sis associated multiple organ failure (IPMOF), thrombocytopenia associated multiple organ failure (TAMOF),
and sequential liver failure associated multiple organ failure (SMOF) among 101 patients with multiple organ
failure (MOF) and one or more inflammation phenotypes. B, Numbers of patients with single organ failure, MOF
without phenotypes, multiple organ with phenotypes, IPMOF, TAMOF, and SMOF.

complete description of the distributions. Associations be-
tween cohort characteristics and the inflammation phenotypes
were evaluated with Fisher exact test for categorical variables
and the Wilcoxon rank-sum test for continuous variables.

Maximum CRP and ferritin values for subjects with an
inflammation phenotype were compared with subjects with
MOF that did not have any of the three inflammation pheno-
types using the Wilcoxon rank-sum test. This comparison was
made for each inflammation phenotype individually and as a
group.

Poisson regression with robust error estimates was used
throughout for all univariable and multivariable modeling.
Relative risks (RRs) and the associated 95% Cls were calcu-
lated to investigate the risk of mortality associated with a con-
dition of MOF and confirmed phenotype. Univariable models
considering both mortality and the development of MAS as
outcome are provided. Additionally, a multivariable Poisson
regression model was constructed to further investigate risks
associated with mortality considering children only with MOF
(n=289), using admission characteristics and development of
inflammation phenotypes.

Analyses were performed using SAS 9.4 (SAS Institute,
Cary, NC) and R Version 3.4.4 (The R Foundation for
Statistical Computing, Vienna, Austria). p values are based on
a two-sided alternative with p values of less than 0.05 consid-
ered significant.

RESULTS

Among the 401 enrolled PICU subjects (CONSORT; Supple-
mental Fig. 1, Supplemental Digital Content 1, http://links.
lww.com/PCC/B75; legend, Supplemental Digital Content 7,
1140

www.pccmijournal.org

was 8.0 with IQR (3.0-14.0).
The median number of organ
failures at enrollment was 2.0
IQR (1.0-2.0). The median
study days were 11.0 with IQR
(6.0-19.0). The median time
from sepsis onset to first blood draw was 2 days IQR (1.0-2.0
d). The median blood draws were 2.0 with IQR (1.0-3.0).

Among 401 cases of severe sepsis, there were 112 with single
organ failure, 188 with MOF without any of the phenotypes
(OFI median [IQR] = 2.0 [2.0-3.0]) and 101 with MOF with
one or more of the phenotypes (OFI median [IQR] = 3.0 [2.0-
4.0]). Among the 101 patients with one or more phenotypes,
85 had IPMOF, 37 had TAMOF, and seven had SMOE Figure
1 shows the degree of overlap between the three phenotypes.
At admission patients with the IPMOF or TAMOF phenotypes
were more likely to be older, have increased illness severity, and
have malignancy (Table 2; p < 0.05).

In the overall population, MOF occurred on the first day
of presentation with severe sepsis (median [IQR] days from
sepsis onset to development of MOF = 0 [0.0]). In contrast,
the onset of IPMOF (median [IQR] days from sepsis onset to
diagnosis) was 5.0 d [4.0-6.0 d]; TAMOF was 4.0 d [4.0-8.0
d]; and SMOF was 6.0 d [6.0-12.0 d] [Supplemental Fig. 2,
Supplemental Digital Content 2, http://links.lww.com/PCC/
B76; legend, Supplemental Digital Content 7, http://links.Iww.
com/PCC/B81]). The PICU length of stay of patients with
IPMOF (median days = 17.9 [9.2-29.6]), TAMOF (median
days = 23.0 [15.9-42.4]), or SMOF (median days = 41.5 [14.4—
42.4]) was longer than the PICU length of stay for patients
with MOF without any of the inflammation phenotypes (me-
dian days [IQR] = 12.0 [7.1-19.8]) (Table 3).

Children with MOF and any of the three inflammation phe-
notypes were as likely as children with MOF without the phe-
notypes to require mechanical ventilation (95.0% vs 98.40%)
or extracorporeal membrane oxygenation (ECMO) (12.9% vs
9.0%); however, these children were more likely to receive con-
tinuous renal replacement therapy (CRRT) (37.6%) compared
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TABLE 2. Baseline Admission Characteristics of Each Inflammation Phenotype

Confirmed
Thrombocytopenia
Associated MOF®

Not
Cohort Overall Confirmed Confirmed
Characteristics (n=401) (n=364) (n=37) P
Age 0.0420
Median 5.6 IS 79
(Q1-Q3) (1.4-123) (1.3-11.9) (2.7-15.0)
Race, n (%) 0.051¢
White 270 (67) 245 (67) 25 (68)
Black or African 83 (21) 77 (21) 6 (16)
American
Multiracial 3(1) 1 (0) 2 ()
Other 19 (b) 18 (B) 1(3)
Unknown or not 26 (6) 23 (6) 3(8)
reported
Ethnicity, n (%) 0.363¢
Unknown or not 14 (3) 14 (4) 0 (0)
reported
Hispanic or 66 (16) 62 (17) 4(11)
Latino
Not Hispanic or 321 (80) 288(79) 33(89)
Latino
Total Pediatric 0.005°
Risk of Mortality
score
Median 8.0 70 12.0
(Q1-Q3) (3.0-14.0) (3.0-14.0) (8.0-170)
Malignancy at ICU ~ 49(12) 39 (11) 10(27) 0.008¢
admission, n (%)
Solid organ 8(2) 6 (2) 2 () 0.163¢
transplant, n (%)
Infections at eligibility®, n (%)
Bacterial 141 (35) 126 (36) 15(41) 0.244¢
Fungal 4 (1) 1 (0) 3(8) 0.285¢
Protozoal 1 (0) 1 (0) 0 (0)
Viral 112(28) 100 (27) 12(32) 0.459¢

Confirmed
Sequential Liver Confirmed
Failure Associated Immunoparalysis
MOF= Associated MOF?
Not Not
Confirmed Confirmed Confirmed Confirmed
(n=394) (n=7) p (n=2316) (n = 85)
0.716° 0.002°
5.6 BHIH 5.0 77
(1.4-12.3) (2.3-15.6) (1.0-11.7) (82-14.0)
1.000¢ 0.233¢
264 (67) 6 (86) 210(66) 60 (71)
82(21) 1(14) 72 (23) 11(13)
3(1) 0(0) 2(1) 1(1)
19 (5) 0(0) 15 (5) 4 (5)
26 (7) 0 (0) 17 (5) 9(11)
0.341¢ 0.869¢
14(4)  0(0) 11(3) 3(4)
64 (16) 2(29) 53 (17) 13(15)
316 (80) 5 (71) 252 (80) 69(81)
0.937" 0.004¢°
8.0 10.0 70 10.0
(3.0-14.0) (0.0-19.0) (3.0-13.0) (6.0-16.0)
47 (12)  2(29) 0.206° 29 (9) 20 (24) 0.001¢
8(2) 0 (0) 1.000¢ 4(1) 4 (5) 0.066¢°
138 (35) 3(43) 1.000° 103 (33) 38 (4b) 0.061¢
4(1) 0 (0) 1.000¢ 1(0) 3(4) 0.285¢
1 (0) 0 (0) 1 (0) 0 (0)
111(28) 1(14) 1.000¢ 92 (29) 20 (24) 0.561¢

MOF = multiple organ failure.

2All subjects had at least one study blood sample collected while in the ICU.
®Wilcoxon rank-sum test.

cFisher exact test.

9Documented infections at the time of study eligibility are reported.

with children with MOF without any phenotype (5.9%). The
highest utilization of CRRT was in children with TAMOF
(91.9%), followed by children with SMOF (71.4%), and chil-
dren with IPMOF (27.1%) (Table 3).

Pediatric Critical Care Medicine
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Children with MOF and any of the three inflammation
phenotypes reached higher average maximum CRP levels than
children with MOF without any phenotype (29.1mg/dL [sp
40.76mg/dL] vs 15.3mg/dL [sp 12.61mg/dL]; p < 0.001) and
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TABLE 3. Additional Clinical Details During PICU Stay for Single Organ Failure, Multiple
Organ Failure With and Without Inflammation Phenotypes, and Each Multiple Organ
Failure Inflammation Phenotype

Confirmed Confirmed
MOF No MOF With a Thrombocytope- Sequential Confirmed
Single Confirmed Confirmed nia Associated Liver Failure Immunoparalysis
Clinical Details Dur- Organ Failure Phenotype Phenotype MOF Associated Associated MOF
ing PICU Stay (n=112) (n=188) (n=101) (kTP MOF (n=7) (n = 85)
Extracorporeal p=0318 p=0.0412 p=0.025% p=0210%
membrane
oxygenation on
study
Yes, n (%) 0(0.0) 17 (9.0) 13 (12.9) 8(21.6) 3 (429 12 (14.1)
Duration (calendar p = 0.065% p = 0.2923¢ p = 0.7092¢ p=0.0912¢
days)
Median Not applicable 70 12.0 10.0 11.0 1156
(Q1-Q3) Not applicable (5.0-11.0) (8.0-15.0) (70-14.5) (6.0-12.0) (8.0-170)
Mechanically =018 p=0.1902° p = 1.0002° p=0.1132
ventilated on study
Yes, n (%) 82 (73.2) 185 (98.4) 96 (95.0) 35 (94.6) 7 (100.0) 80 (94.1)
Duration (calendar p <0.0012 p <0.0012¢ p=0.016% p=0.0012¢
days)
Median 6.0 10.0 13.0 170 270 12.5
(Q1-Q3) (4.0-11.0) (6.0-16.0) (8.0-26.5) (10.0-29.0) (10.0-29.0) (8.0-26.5)
Continuous renal p <0.0012° p <0.0012 p <0.0012° p <0.0012°
replacement
therapy on study
Yes, n (%) 2(1.8) 11(5.9) 38 (376) 34 (91.9) 5 (71.4) 23 (27.1)
Duration (calendar p=0.140z¢ p = 0.0742¢ p =0.040 p = 02842
days)
Median 6.5 7.0 85 9.5 11.0 80
(Q1-Q3) (1.0-12.0) (5.0-10.0) (6.0-16.0) (6.0-16.0) (8.0-15.0) (3.0-16.0)
ICU length of stay p <0.001ad p <0.0012d p=0.012% p = 0.0022¢
(calendar days)
Median 77 12.0 185 23.0 415 179
(Q1-Q3) (3.8-15.6) (71-19.8) (10.0-33.7) (15.9-42.4) (14.4-42.4) (9.2-29.6)

MOF = multiple organ failure.

aThe statistical comparisons being made in this table are subjects with the specified confirmed inflammation phenotype status noted in the columns vs subjects

with MOF who do not have any confirmed inflammation phenotype.

5p values are calculated using the Fisher exact test comparing therapy initiation while on study.
°p values are calculated using the Wilcoxon rank-sum test and compare calendar days on therapy for subjects who received each therapy at least once on study.
dp values are calculated using the Wilcoxon rank-sum test. Length of stay comparisons consider all subjects, regardless of therapies used.

higher average maximum ferritin levels (15,751.9ng/mL [sp
58,079.55ng/mL] vs 950.3ng/mL [sb 2,625.56ng/mL]; p <
0.001) (Table 4). CRP and ferritin levels were higher in each
of the three individual inflammation phenotypes compared
with MOF patients without any of the phenotypes (p < 0.05)
(Table 4). The median day (IQR) of maximum CRP was 3.0 days
(1.0 to —5.0 d) and of maximum ferritin was 3.0 days [2.0-6.0 d).

MAS occurred in 24 patients (6.0%) and was more com-
monly found in the MOF population with one or more of
1142
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the phenotypes compared with the MOF population without
any of the phenotypes (19/101 [18.8%] vs 5/188 [2.7%]; RR,
7.07; 95% CI, 2.72-18.38) (Table 5 and Supplemental Fig.
3 [Supplemental Digital Content 3, http://links.lww.com/
PCC/B77; legend, Supplemental Digital Content 7, http://
links.lww.com/PCC/B81]). The time from onset of sepsis
to development of MAS was 3.0 days (3.0-9.0 d) (median
[IQR]) (Supplemental Fig. 2, Supplemental Digital Content
2, http://links.Iww.com/PCC/B76; legend, Supplemental
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TABLE 4. Peak Ferritin and C-Reactive Protein Levels for Single Organ Failure, Multiple
Organ Failure With and Without Inflammation Phenotypes, and Each Multiple Organ

Failure Inflammation Phenotype

Confirmed
MOF No MOF With a Confirmed Sequential Confirmed
Ferritin and Single Organ Confirmed Confirmed Thrombocytopenia Liver Failure Immunoparalysis
CRP Descriptive Failure Phenotype Phenotype Associated Associated Associated MOF
Statistics (n=112) (n=188) (n=101) MOF (n =37) MOF (n=7) (n = 85)
Maximum ferritin p<0.0011 p<0.0011 p=0.0022 p<0.0011
Mean (sp) 2,374.4 (13085.06) 950.3 157519 30,798.9 11,0433 18,486.2
(2,625.56) (58079.55) (86,659.62) (22,27767) (62,989.84)
Minimum— 24.3-130,000.0 156.0-21,140.0 34.0-392,816.0 207.0-392,816.0 260.0-60,490.0 34.0-392,816.0
maximum
Median 184.0 21569 694.0 1705.0 10971 663.6
(Q1-Q3) (80.1-581.0) (113.7-509.0) (272.5-3,106.0) (694.0-13,000.0) (634.0-13,000.0) (260.7-4,049.0)
Maximum CRP p<0.0011 p<0.0011 p=0.006* p<0.0011
Mean (sp) 14.3 (11.90) 15.3 (12.61) 29.1 (40.76) 41.6 (57.85) 35.7 (19.74) 26.7 (28.64)
Minimum-— 0.1-52.7 0.0-53.0 0.4-327.3 1.6-327.3 3.4-60.8 0.4-184.3
maximum
Median 11.8 12.6 21.6 28.8 40.7 219
(Q1-Q3) (4.8-21.6) (4.8-23.5) (10.6-32.9) (17.0-40.7) (19.9-51.3) (10.6-33.4)

CRP = C-reactive protein, MOF = multiple organ failure.

“The statistical comparisons being made in this table are subjects with the specified confirmed inflammation phenotype status noted in the columns vs subjects
with MOF who do not have any confirmed inflammation phenotype. p values are based on the Wilcoxon rank-sum test.

Digital Content 7, http://links.Iww.com/PCC/B81). MAS
was most common in patients with SMOF (7/7; 100%), fol-
lowed by patients with TAMOF (14/37; 37.8%) and patients
with IPMOF (15/85; 17.6%) (p < 0.05 for each MOF pheno-
type compared with MOF without any phenotype; Table 5
and Supplemental Fig. 4 [Supplemental Digital Content 4,
http://links.lww.com/PCC/B78; legend, Supplemental Digital
Content 7, http://links.lww.com/PCC/B81]).

There were 44 of 401 (10.9%) PICU deaths in the overall se-
veresepsiscohort;oneof112(0.9%) inchildren withsingle organ
failure and 43 of 289 (14.9%) in children with MOF (Table 6
and Supplemental Fig. 3 [Supplemental Digital Content 3,
http://links.lww.com/PCC/B77; legend, Supplemental Digital
Content 7, http://links.lww.com/PCC/B81]) with 39% of these
PICU deaths (17/44) occurring after 28 days. There were only
two additional deaths in the hospital after discharge from the
PICU. Mortality rates in the PICU were three-fold higher in
children with MOF and one or more of these phenotypes com-
pared with the remaining severe sepsis cohort (24/101 = 23.8%
vs 20/300 = 6.7%; RR, 3.56; 95% CI, 2.06—6.17). Compared to
the 188 MOF patients who did not develop any inflammation
phenotypes, the 101 with the phenotypes had increased mor-
tality (23.8% vs 10.1%; RR, 2.35; 95% CI, 1.36—4.08). Mortality
was 17 of 85 (20.0%) in IPMOE, 16 of 37 (43.2%) in TAMOE,
and three of seven (42.9%) in SMOF (p < 0.05 for each MOF
phenotype; Table 6 and Supplemental Fig. 4 [Supplemental
Digital Content 4, http://links.Iww.com/PCC/B78; legend,
Supplemental Digital Content 7, http://links.lww.com/PCC/
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B81]). The median (IQR) time to PICU death in IPMOF was
16.0 days (8.0-35.0 d), in TAMOF was 22.0 days (13.5-44.0 d),
and in SMOF was 34.0 days (14-42 d).

In multivariate analysis, the PICU mortality risk was over
two-fold higher in children who developed MOF with any of
the phenotypes compared with children who developed MOF
without the phenotypes when controlling for admission char-
acteristics including age, race, ethnicity, gender, illness severity,
malignancy, organ transplantation, infection type, and pre-
viously healthy status (RR [95% CI] MOF with phenotype =
2.79 [1.62-4,83], p < 0.001; PRISM score = 1.04 [1.10-1.08],
p = 0.004; and previously healthy status = 0.40 [0.20-0.81], p
= 0.011). Organ failures and associated mortality in patients
with MOF without any of the phenotypes are presented
in Supplement Figure 5 (Supplemental Digital Content 5,
http://links.lww.com/PCC/B79; legend, Supplemental Digital
Content 7, http://links.lww.com/PCC/B81).

Mortality risk for MOF patients with the phenotypes who
did not develop MAS was increased compared with MOF
without any phenotypes (16/82 [19.5%] vs 19/188 [10.1%]; RR,
1.93; 95% CI, 1.05-3.56); however, the development of MAS in
patients with MOF and the phenotypes increased mortality risk
even further (MOF with phenotypes plus MAS 8/19 [42.1%]
vs MOF with phenotypes without MAS 16/82 [19.5%]; RR,
2.16; 95% CI, 1.09—-4.29) (Supplemental Fig. 3, Supplemental
Digital Content 3, http://links.lww.com/PCC/B77; legend,
Supplemental Digital Content 7, http://links.lww.com/PCC/
B81). Development of MAS increased mortality risk in IPMOF
1143
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TABLE 5. Relative Risks of Developing
Macrophage Activation Syndrome by
Inflammation Phenotype

Macrophage
Activation

Syndrome, Relative
n =24, n (%) Risk (95% CI)

Single organ failure 0/112 (0) NA
MOF 24/289 (8.3) NA
MOF no phenotype 5/188 (2.7) Reference
MOF with phenotype 197101 (18.8) 707
(2.72-18.38)
Immunoparalysis 15/85 (17.6) 6.74
associated MOF (2.53-1795)
Thrombocytopenia 14/37 (37.8) 14.23
associated MOF (5.46-37.10)
Sequential liver failure 7/7 (100) 38.20
associated MOF (16.08-90.72)

MOF = multiple organ failure, NA = not applicable.

Results are based on individual univariable modified Poisson regression
models.

patients (IPMOF with MAS 6/15 [40%] vs [IPMOF without
MAS 11/70 [15.7%]; RR, 2.55; 95% CI, 1.12-5.80); but not in
TAMOF patients (TAMOF with MAS 7/14 [50%)] vs TAMOF
without MAS 9/23 [39.1%]; RR, 1.28; 95% ClI, 0.61-2.65; p =
0.51) (Supplemental Fig. 4, Supplemental Digital Content 4,
http://links.Iww.com/PCC/B78; legend, Supplemental Digital
Content 7, http://links.lww.com/PCC/B81)

Specific inflammation phenotype biomarkers remained
abnormal over time in the patients with MOF and the in-
flammation phenotypes (Supplemental Fig. 6, Supplemental
Digital Content 6, http://links.lww.com/PCC/B80; legend,
Supplemental Digital Content 7, http://links.lww.com/PCC/
B81). Earlier recovery of the ex vivo TNF-a. response to endo-
toxin greater than 200 pg/mL in IPMOF was observed in sur-
vivors. No significant differences were observed in ADAMTS13
threshold activity less than 57% over time for TAMOF survivors

versus nonsurvivors, nor in ferritin threshold levels greater
than 500 ng/mL in patients with MAS between survivors and
nonsurvivors. There were too few SMOF patients to assess the
relationship of sFasL thresholds and PICU survival over time.

DISCUSSION

Emergency department initiatives emphasizing early septic
shock recognition and treatment can reduce pediatric mor-
tality to less than 10% when administered in the first hour
(5); however, most children with severe sepsis now die with
new and progressive multiple organ dysfunction syndrome
(MODS) and MOF after 3 days in the PICU, a condition seem-
ingly unrelated to early resuscitation efforts (1-4). In lieu of
failed “one silver bullet for all” sepsis trials, there is interest in
designing “smarter” clinical trials that identify smaller groups
of patients with recognizable phenotypes whom physicians
think have biologic plausibility for benefitting from a therapy
(25, 26); randomizing these patients to this phenotype target-
ing adjunctive therapy (25, 26); and then using post hoc whole
genome/exome pathogenic variant (36), epigenetic modifi-
cation (7), transcriptomic (37), and proteomic (38) subtype
analyses to identify which individual patients within the phe-
notype responded best in order to inform potential precision
medicine approaches in the PICU.

In our present multicenter study, we have sought and
attained essential clinical data needed to justify and inform
planning of “smarter” trials in children with sepsis-induced
new and progressive MODS, by assessing the IPMOF, TAMOE,
and SMOF phenotypes. We found that the pediatric burden
of these three inflammation MOF phenotypes is substantial in
our network severe sepsis cohort, developing in one of four
children after a median of 3 days in the PICU, in association
with greater use of extracorporeal support therapies, pro-
longed PICU length of stays, and increased risk of developing
uncontrolled inflammation, MAS, and death. These data have
enabled us to design trials targeting these phenotypes.

Because the immune paralysis phenotype was most prevalent,
we are beginning our first multicenter trial targeting this pheno-
type (6—10). We previously demonstrated that GM-CSF reverses

TABLE 6. Relative Risks of PICU Mortality Among Groups of Interest

Total Prevalence, PICU Mortality, Relative
n=401,% n =44, n (%) Risk (95% CI)
Single organ failure 279 1/112 (0.9) 0.09 (0.01-0.65)
MOF 72.1 437289 (14.9) Not applicable
MOF no phenotype 469 197188 (10.1) Reference
MOF with phenotype 25.2 24/101 (23.8) 2.35 (1.36-4.08)
Immunoparalysis associated MOF 21.2 17/85 (20.0) 1.98 (1.08-3.61)
Thrombocytopenia associated MOF 9.2 16/37 (43.2) 498 (2.43-752)
Sequential liver failure associated MOF 1.7 3/7 (42.9) 424 (1.63-11.03)

MOF = multiple organ failure.
Results are based on individual univariable modified Poisson regression models.
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immune paralysis, facilitates resolution of IPMOF, and prevents
secondary infection (6). We have started the GM-CSF for Reversal
of ImmunopAralysis in pediatriC sEpsis-induced MODS study
(ClinicalTrials.gov Identifier: NCT03769844 principal investi-
gator [PI] M.H.). Children with sepsis and MODS are enrolled
at 48 hours, and if immune paralysis develops and their ferritin
level is less than 500ng/mL they are given GM-CSE. Post hoc
assessment of pathogenic variant (36), epigenetic (7), and tran-
scriptomic (37) analyses may inform future precision medicine
approaches within this phenotype. Targeting the immune paral-
ysis phenotype is important because it was the major contributor
to mortality in children during the HIN1 influenza epidemic (8).

Dr. Hall chose not to give GM-CSF to patients with ferritin
levels greater than 500 ng/mL because this MAS biomarker level
has been associated with 60% mortality in pediatric sepsis (33)
and there is concern that GM-CSF could worsen MAS in these
children (10). We previously showed 100% survival in pediatric
MAS with use of an anti-inflammatory regimen that includes
the combination of methylprednisolone or IV immunoglobulin,
plus plasma exchange (34). We also showed that the anti-inflam-
matory interleukin-1 receptor antagonist protein reduced mor-
tality two-fold in adult patients with septic shock and MAS (39).
Rajasekaran et al (35) showed that interleukin-1 receptor antago-
nist protein safely reverses MAS in critically ill children. In collab-
oration with our rheumatology colleagues (39), we are designing
the Critical MAS in Sepsis (Critical MASS) trial (PI Rajasekaran et
al [35]) to identify whether IV interleukin-1 receptor antagonist
achieves reversal of MAS by 3 days in pediatric sepsis. Pathogenic
variant (36), epigenetic (7), transcriptomic (37), and proteomic
(38) analyses may inform future precision medicine approaches
to uncontrolled inflammation and MAS. This is important be-
cause mortality among the three inflammation phenotypes was
highest when hyperferritinemic MAS developed.

Because thrombotic microangiopathy driven TAMOF was the
second most prevalent phenotype, we are also planning a clin-
ical trial for these children (11-20). We previously demonstrated
that plasma exchange removes thrombogenic ultra-large vVWF
multimers, restores ADAMTS13 activity that cleaves these multi-
mers, and reverses renal failure and MOF in children with sepsis-
induced TAMOF (11). Two pediatric TAMOF plasma exchange
registries in Turkey (14) and in the United States (13) separately
reported that plasma exchange therapy is associated with resolu-
tion of TAMOF and improved survival. Because we observed that
more than nine of 10 children with TAMOF required CRRT in
our study, we are in discussion with the pediatric CRRT research
consortium to explore collaboration following Wong et al (12)
recommendation to use the PERSEVERE II risk stratification
panel and transcriptomics to identify which patients respond best
to plasma exchange within this phenotype (37). It is important to
target the TAMOF phenotype because it was associated with high
use of ECMO and CRRT, longer PICU stays, and higher mortality.

The viral infection lymphoproliferative disease induced
liver failure associated SMOF phenotype had the highest use of
ECMO, the most prolonged length of stay, and the highest mor-
tality, but the lowest prevalence among the three phenotypes
(21-24). Because all seven patients with SMOF in our study
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developed MAS, they would be eligible for enrollment in the
Critical MASS trial. We have decided to defer designing a spe-
cific trial for this phenotype until the above trial is completed.

There are limitations to consider. First, our study was designed
to assess septic patients who die with late MOF after 3 days in the
PICU seemingly independent of early resuscitative efforts, not
children who die of refractory shock before 3 days in the PICU
(1-5). Second, although the three empiric inflammation phe-
notypes were associated with increased need for extracorporeal
therapies, prolonged ICU stay, and increased risk for developing
uncontrolled inflammation, MAS, and death, there were other
patients who died without these phenotypes. We are performing
unbiased analyses of our clinical data using machine learning
to explore any other phenotypes our empiric approach might
have missed (40). Third, our article is limited to phenotype eval-
uation. Sepsis-induced MOF phenotypes may result from inter-
actions between environmental triggers related to infection and
microbiome (25, 26), and host genetic machinery (7, 36-38) re-
lated to immunity, inflammation, and coagulation (25, 26). Our
laboratories are analyzing potential relationships between the
three phenotypes and host pathogenic variants (36), epigenetic
modifications (7), and proteomics (38). We did not collect RNA
for transcriptomics but are doing so in future studies.

In conclusion, we have attained essential data needed to
provide rationale for designing “smarter” clinical trials with
the goal of reducing progression of these three inflammation
phenotypes and ensuing uncontrolled inflammation and MAS
in children with sepsis-induced MODS and MOF unrespon-
sive to earlier resuscitation efforts. A synergistic role for the
rapidly evolving field of gene expression, transcriptomics, and
precision medicine within these phenotype directed studies is
anticipated and carefully considered.
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