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ARTICLE INFO ABSTRACT

Keywords: Objective: Early stages with streptococcal necrotizing soft tissue infections (NSTIs) are often difficult to discern
Biomarker from cellulitis. Increased insight into inflammatory responses in streptococcal disease may guide correct in-
Cellulitis o terventions and discovery of novel diagnostic targets.

E;crl;onzmg fasciitis Methods: .Plasma levels of 37 fnediators., leu.cocytes famd CRP from 102 patients with f-hemolytic streptococcal
Streptococcus dysgalactiae NSTI derived from a prospective Scandinavian multicentre study were compared to those of 23 cases of strep-
Streptococcus pyogenes tococcal cellulitis. Hierarchical cluster analyses were also performed.

Results: Differences in mediator levels between NSTI and cellulitis cases were revealed, in particular for IL-1p,
TNFa and CXCL8 (AUC >0.90). Across streptococcal NSTI etiologies, eight biomarkers separated cases with
septic shock from those without, and four mediators predicted a severe outcome.

Conclusion: Several inflammatory mediators and wider profiles were identified as potential biomarkers of NSTI.
Associations of biomarker levels to type of infection and outcomes may be utilized to improve patient care and
outcomes.

1. Introduction

Necrotizing soft tissue infections (NSTIs) have high rates of
morbidity and mortality [1]. Streptococcus pyogenes (group A strepto-
coccus; GAS) is the major cause of monomicrobial (type 2) NSTIs [2],
while Streptococcus dysgalactiae (SD) is an emerging etiologic cause
[3,4]. Streptococcal NSTIs are frequently associated with bacteremia,
septic shock, organ failure and death [5,6]. Although GAS and SD are the

major microbial etiologies also of cellulitis, systemic and local severity
signs are less prominent, surgery is rarely needed and complication rates
are low [7,8]. Of concern, early NSTIs may be mistaken for cellulitis
[1,6,9,10]. This poses a major threat to many NSTI patients, as it may
delay surgery and antibiotic therapy, the most important measures to
reduce organ failure, sequelae and death [11-13]. The diagnosis of NSTI
is still based on surgical exploration and confirmation [9].

Cytokine profiles in sepsis are well characterized [14,15], but studies
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have failed to identify plasma mediators that reliably diagnose or
prognosticate septic shock and mortality [14,15]. Therefore, combina-
tions of mediators are advocated [14,15]. Cytokines have also been
explored as diagnostic and prognostic biomarkers in specific infectious
diseases [16,17]. Apart from streptococcal toxic shock syndrome (STSS)
[18,19], inflammatory profiles of streptococcal NSTIs and cellulitis are
insufficiently described [20-22].

Improved biomarker-based tools are needed to support the clinician
in establishing the diagnosis of NSTIs at an early stage of the disease. For
streptococcal skin and soft tissue infections (SSTIs) in particular, there is
a wide and overlapping spectrum of disease that requires investigation
of differential inflammatory patterns. This may advance the under-
standing of the pathogenesis, lead to development of new diagnostic and
prognostic tools and possibly identify potential targets of treatment. In a
large Scandinavian multicenter patient cohort of NSTIs, we recently
demonstrated that inflammatory profiles differ between polymicrobial
and monomicrobial infections and by the presence of shock [23]. In the
present study, we explore the systemic immune activation pattern of the
streptococcal NSTI cases, comparing and contrasting them to strepto-
coccal cellulitis.

2. Materials and methods
2.1. Setting & patients

This work was conducted as part of the INFECT-study, a Scandina-
vian multicenter study, with a prospectively included cohort of 409
NSTI cases in total (ClinicalTrials.gov (NCT01790698)) [2]. Cases
caused by GAS (n = 126) and SD (n = 27) were selected, and of the 153
streptococcal cases identified [2,5], 102 were strictly monomicrobial
(GAS, n = 88; SD, n = 14) and included for further analysis in this study.

Two control groups with a total of 43 cases were included. The
cellulitis control group consisted of four operated (surgery disproved
NSTI), and 19 non-operated cellulitis cases with confirmed or probable
GAS or SD etiology defined by positive culture or serology as described
elsewhere [8]. The healthy control group consisted of patients admitted
for elective orthopaedic surgery (n = 20), with blood samples taken
prior to surgery (Copenhagen University Hospital, Denmark, Regional
ethics committee permit: H-2-2014-071). Ethical approval and patients'
consent are as described previously [2,20].

2.2. Clinical characteristics

Clinical and laboratory data were acquired according to the INFECT-
study protocol [2]. Outcomes registered in the NSTI cohort included
septic shock at admission, along with death and/or amputation. Septic
shock was defined as use of vasopressor and lactate >2 mmol/L [24].
Severe outcome was defined as amputation and/or death within 90 days
from admission. Analyzing this outcome, we restricted inclusion to cases
with an extremity as a primary site of infection and excluded cases
amputated prior to arrival at study hospital.

2.3. Plasma biomarker analysis

Blood was collected into 10 mL EDTA vacuum tubes and kept on ice
until processed (15-90 min max). Plasma was collected after centrifu-
gation (2500 G, for 10 min at 20 °C), aliquoted into cryotubes and stored
at —80 °C until further analysis.

A 32 and a 5-plex customized multiplex assay (Magnetic Luminex
Assay, R&D Systems, Inc.; Abingdon, UK) were used to analyze in-
terleukins: IL-1a, IL-1f, IL-1ra, IL-2, IL-4, IL-6, IL-10, IL-12p70, IL-13, IL-
17A, IL-18, IL-22, IL-36f; chemokines: CCL2, CCL4, CCL5, CXCLS,
CXCL10; soluble adhesion molecules: E-selectin, ICAM-1, VCAM-1;
matrix metalloproteases: MMP-1, MMP-8, MMP-9; growth factors: G-
CSF; and molecules designated ‘others’: C5/C5a, Collagen IVal,
Collagen Ial, Fas-Ligand, Galectin-3, MPO, Pentraxin-3, Resistin,
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S100A8, S100A9, thrombomodulin and TNFa. In addition, IL-23 and IL-
33 were analyzed using ELISA technique (R&D Systems; Abingdon, UK),
whereas C-reactive protein (CRP) and leucocytes were analyzed ac-
cording to laboratory diagnostic routines. Analyte concentration mea-
surements were performed according to manufacturer's instructions. An
overview of the analyzed mediators and mode of analysis is detailed in
Supplementary Table 1. For concentrations outside their respective
detection ranges (out of range, OOR), an imputation strategy was
applied, as described previously [23]. Due to high rates of OOR mea-
surements, the analytes IL-1ra and IL-33 were omitted for further
analysis. For more details, see Supplementary methods. In total, 37
systemic plasma mediators together with leucocytes and CRP were
included in the analyses.

2.4. Experimental model: In vitro stimulation

The level of selected mediators was measured in an in vitro stimu-
lation experiment using human peripheral blood mononuclear cells
(PBMC) isolated from healthy blood donors exposed to supernatants and
heat-inactivated GAS and SD isolates from NSTI cases, and in human
umbilical vein endothelial cells (HUVEC) exposed to supernatants from
the bacterial-stimulated PBMCs. For details, see Supplementary
methods.

2.5. Statistical analysis

Analyses were done using R programming language (R Core Team,
2019) and IBM SPSS Statistics for Windows, version 24.0 (IBM Corp.,
Armonk, NY). For categorical variables Fisher's exact test or y? test were
used as appropriate. Due to the non-normality of the data, Mann-
Whitney U test was applied for continuous variables. Due to the un-
equal group size of the clinical categories compared, a resampling pro-
cedure (iteration) of the data results was performed. The resampling
included 10* iterations based on 90% of the smallest group size used for
each comparison. An average p-value of all comparisons was used to
evaluate the final results.

All tests were two-sided and differences were considered significant
at a p-value <0.05. The Benjamini-Hochberg adjustment for multiple
testing was applied [25].

The discriminant ability of the most significant biomarker differ-
ences was evaluated through receiver operation characteristic (ROC)
curves and the corresponding area under the ROC curve (AUC) was
calculated. For correlation analysis Spearman's correlation (rho, p) was
calculated.

Random forest (RF) models were built in R (rfPermute), including
key clinical variables, as described elsewhere [23]. All RF classification
models were constructed using 10° decision trees, selecting six random
cytokines at every split of the tree. The standard Mean Decrease in Ac-
curacy and Mean Decrease Gini index were used as measures of
importance of every cytokine in the final classification model. The Gini
index and respective p-values are presented herein. For more details, see
Supplementary methods.

Additionally, we performed unsupervised hierarchical cluster anal-
ysis, where the cases and biomarkers are categorized based on related-
ness and combined with a heat map to visualize correlations. The
mediators were log; transformed and converted to z-score [26], before
analysis using J-Express [27]. Euclidean distance and complete linkage
were used. Details concerning analysis of the in vitro stimulation tests
are provided in Supplementary methods.

Network of associations between mediators were built, using the
Probabilistic Context Likelihood of Relatedness on Correlation (PCLRC),
as described elsewhere [28]. PCLRC gives a measure of association and
the probability of likelihood in occurrence of the relationship between
the mediators. Associations with a probability >95% were kept in the
analysis. Different networks were built separately for GAS and SD cases,
with and without septic shock.
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Differential connectivity analysis was applied to compare the medi-
ators in the association networks. Connectivity can be interpreted as
how much one mediator is significant or affects the entire system (of all
mediators) as it takes into account both the number and strength of
connections. Differential connectivity can be interpreted as the differ-
ence in the significance or effect of one mediator in the two situations.
The higher the difference, the higher change in the role that mediator
plays in the two comparing situations. The analysis was performed as
described elsewhere [23,29].

3. Results
3.1. Clinical characteristics

Among the 102 monomicrobial streptococcal NSTI cases, 88 were
caused by GAS and 14 by SD. Demographics and characteristics of these,
and the 23 streptococcal cellulitis controls, are summarized in Table 1.
Comorbid conditions were prevalent among both NSTI and cellulitis
patients, and most infections were located in the extremities. Bacter-
emia, septic shock, treatment in ICU, and death were more frequent
among NSTI cases. Details on risk factors, pre- and peroperative find-
ings, treatment including time from admission to primary surgery and
total number of operations per patient in the NSTI cohort have been
described previously [5].
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3.2. Mediator levels in streptococcal necrotizing soft tissue infections and
cellulitis

In total, 29 of 37 plasma mediators, in addition to CRP, were
significantly elevated in the NSTI compared to the cellulitis cases, of
which 28 showed an AUC above 0.80 (Table 2). In the multivariate RF
model adjusting for age, gender and septic shock, a set of nine mediators
differentiating NSTI and cellulitis were identified, based on discrimi-
natory power according to Gini index values. Predictors identified in the
model were IL-1f, TNF-a, CXCL8, MMP-8, IL-6, Pentraxin-3, IL-22, CCL4
and S100AS8, that all displayed AUC values >0.86. Additionally, a
comparison between NSTI and cellulitis cases without septic shock was
performed, in which all the same mediators were predictors in the RF
model, with exception of IL-6 (Supplementary Table 2). In this latter
comparison, CRP also showed a significant result, in both the univariate-
and multivariate analyses. Several of the plasma mediators with sig-
nificant findings in the RF model even displayed higher AUC in this
latter comparison.

Comparing cellulitis cases and healthy controls, 18 mediators were
significantly higher in cellulitis, whereas three mediators were more
elevated among the controls (Supplementary Table 3).

3.3. Mediator levels associated to severity and outcome in necrotizing soft
tissue infections

In streptococcal NSTIs with septic shock at admission, 25 mediators
were significantly elevated compared to cases without shock. In

Table 1
Demographics, clinical characteristics and outcomes in patients with streptococcal NSTIs and cellulitis.
GAS NSTIs SD NSTIs All NSTIs Cellulitis
n =288 n=14 n=102 n=23 p-value *
Demographics
Age (years) 59.5 (48-69) 67.5 (60-73) 60.5 (48-70) 43.0 (38-62) 0.009
Sex, male gender 44 (50) 8 (57) 52 (51) 16 (70) 0.106
BMI" 25.9 (23.4-30.2) 25.6 (23.1-28.1) 25.9 (23.3-29.4) 27.7 (23.43-33.8) 0.233
Underlying condition
Significant comorbidity 52 (59) 12 (86) 64 (63) 12 (52) 0.348
Active smoker 15/77 (19.5) 3/12(25) 18/89 (20) 3/19 (16) 1.000
High alcohol consumption d 6/63 (9.5) 4/11 (36) 10/74 (13.5) 0/19 (0) 0.205
Outcome variables
Blood culture positive BHS 46 (52) 8 (57) 54 (52.9) 3(13) 0.001
Septic shock (at baseline) 55 (62.5) 9 (64.3) 64 (63) 3(13) <0.001
IVIG treatment 64 (73) 8 (57) 72 (70.6) 0 (0) <0.001
Amputation ° 11 (12.5) 3(21.4) 14 (13.7) 0 (0) 0.070
Mortality (day 90) 8(9) 5 (36) 13 (12.7) 0 (0) 0.124
Mortality and/or amputation 16 (18.2) 7 (50) 23 (22.5) 0 (0) 0.007
SOFA score, day 1 9(6-12) " 11 (8-13) # 9(6-12) 8(5-13)" -
SAPS 11, day 1 40 (33-55) ' 56 (47-63.5) © 42 (34-58) 32(23.5-48.5) " -
Hospitalization at
ICU/HDU 88 (100) 14 (100) 102 (100) 4(17.4) <0.001
Primary site of infection
Head/neck 11 (12.5) 1(7.1) 12 (11.8) 9(39.1) -
Upper extremities 38 (43.2) 1((7.1) 39 (38.2) 5(21.8) -
Lower extremities 34 (38.6) 12 (85.8) 46 (45.1) 9(39.1) -
Abdomen/anogenital 5(5.7) 0 (0) 5(4.9) 0 (0) -

Abbreviations: NSTIs: Necrotizing soft tissue infections, GAS: Streptococcus pyogenes (Group A streptococcus), SD: S. dysgalactiae, BMI: Body mass index, BHS: f-he-
molytic streptococci, IVIG: Intravenous immunoglobulin, ICU: Intensive care unit, HDU: High dependency unit, SOFA: Sequential Organ Failure Assessment score,

SAPS II: Simplified Acute Physiology Score.

The data are given as median values with interquartile range (IQR) and numbers, percentage in parentheses. Statistical significance highlighted in bold.
2 Represents comparison of all NSTI cases vs cellulitis cases (either y*test or Mann-Whitney U test, as appropriate).

b Missing two in the GAS cohort.

¢ Active malignancy, chronic obstructive pulmonary disease or asthma, current or previous cardiovascular disease, diabetes mellitus, chronic kidney failure, chronic

liver disease, rheumatoid disease, immunodeficiency/immunosuppression.
d Intake as defined by Madsen et al. 2018 [24].

¢ Including also those amputated before admission to study hospital. Amputation defined as the surgical removal of all or part of a limb or extremity.

f Missing data for two cases.
8 Missing data for one case.

" Data only available for four of the cellulitis cases (i.e. the four cases with suspected NSTI, in whom surgery later showed cellulitis).
! Statistical comparison not performed due to low number of cases with available data in the cellulitis cohort.
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Table 2
Biomarker levels in streptococcal NSTIs vs cellulitis.
NSTIs Cellulitis Mann-Whitney U* AUC © RF¢
n =102 n=23 p-valueb Gini index p-value
Interleukins
IL-1a 54 (46-64) 30 (21-40) ek 0.893 0.37 1.00
IL-1p 17 (12-30) 0.2 (0.2-1.9) ok 0.910 3.37 <0.01
IL-2 1011 (561-1367) 402 (236-626) NS - 0.25 1.00
IL-4 227 (184-263) 120 (98-151) ek 0.892 0.34 1.00
IL-6 775 (185-7523) 20 (15-78) ok 0.894 1.85 <0.01
IL-10 70 (40-116) 13 (6-36) * 0.813 0.29 1.00
IL-12p70 197 (127-263) 22 (0.6-88) 0.835 0.46 1.00
IL-13 1464 (1154-1688) 738 (603-950) ok 0.905 0.41 1.00
IL-17A 30 (16-70) 7 (3-11) ek 0.851 036 1.00
IL-18 566 (372-1024) 341 (270-490) * 0.732 0.35 1.00
IL-22 120 (100-139) 62 (42-77) ok 0.906 1.49 0.03
IL-23 1857 (307-7146) 622 (37-10,026) 0.582 1.75 0.06
IL-36p 18 (15-20) 8 (8-12) 0.892 0.91 0.27
Chemokines
CCL2 868 (380-2050) 153 (119-271) ek 0.882 1.01 0.22
CCL4 880 (763-989) 525 (488-626) ok 0.919 1.45 0.03
CCL5 6575 (2332-12,480) 5104 (1630-9727) NS - 0.57 0.97
CXCL8 43 (18-226) 6 (4-13) ek 0.920 2,20 <0.01
CXCL10 5001 (617-383,052) 282 (177-916) NS - 0.36 1.00
Adhesion molecules
E-selectin 145,171 (97,983-208,659) 42,453 (33,220-67,367) ek 0.861 0.44 1.00
ICAM-1 667,966 (544,604-876,826) 355,418 (224,411-518,623) o 0.821 1.16 0.21
VCAM-1 43 x 10° (33 x 10°-63.1 x 10°) 29.4 x 10° (12.7 x 10°-34.3 x 10°) o 0.803 0.26 1.00
Matrix metalloproteases
MMP-1 1566 (973-3112) 620 (453-877) o 0.850 0.59 0.96
MMP-8 31,555 (11,820-65,403) 1846 (758-6632) ek 0.930 2.10 <0.01
MMP-9 5527 (3226-16,509) 8145 (6358-13,664) NS - 1.00 0.48
Growth factors
G-CSF 2465 (437-24,977) 155 (128-314) ok 0.848 0.65 0.86
Other
C5/C5a 21,703 (14,176-32,769) 30,665 (13,715-60,214) NS - 0.64 0.95
Pentraxin-3 15,993 (6549-26,957) 880 (478-5373) ok 0.884 1.92 0.03
TNFa 35 (22-58) 10 (7-12) ek 0.938 2,56 <0.01
S100A8 1014 (690-1799) 328 (213-528) 0.864 1.26 0.04
S100A9 2628 (1508-4569) 568 (450-1349) 0.816 1.18 0.29
MPO 41,121 (31,004-55,724) 20,150 (15,294-26,418) e 0.838 0.26 1.00
Fas-ligand 36 (26-53) 36 (23-47) NS - 0.40 1.00
Thrombomodulin 12,731 (9028-16,146) 5764 (4919-7030) e 0.908 1.87 0.06
Galectin-3 3318 (2771-3956) 2524 (2208-3169) NS - 0.53 0.99
Collagen 1V al 2549 (1632-3745) 940 (610-1247) ek 0.902 078 0.73
Collagen I a1 9552 (7104-19,088) 6457 (4605-10,049) NS - 0.55 0.98
Resistin 55,062 (40,589-64,903) 19,083 (14,410-39,174) ok 0.818 0.27 1.00
Leucocytes® 14.3 (8.1-20.6) 9.6 (7.1-12.5) NS - 0.52 1.00
CRP/ 272 (191-361) 54 (36-151) ek 0.814 1.52 0.21

Abbreviation: NSTIs: Necrotizing soft tissue infections. Unit of measurement: pg/mL. Data are presented as median values with interquartile ranges (IQR). Bold face
indicates significant findings in both Mann-Whitney U test, RF and AUC.
@ Calculated after resampling as described in the methods section.

> Mann-Whitney U test p-values after Benjamini-Hochberg adjustment: * <0.05; ** <0.01; *** <0.005. NS: non-significant.
¢ AUC: Area under receiver operating curve. AUC values are presented exclusively for biomarkers with statistically significant differences obtained after Benjamini-

Hochberg adjustment.

4 RF: Random forest. No. of trees: 100.000. Split: 6. Repetitions: 100. Accuracy: 92.7%. Age, gender and septic shock are clinical parameters included in the RF modelling.

© Unit of measurement: x10%/L. Missing six in the GAS cohort.
f Unit of measurement: mg/L. Missing five in the GAS cohort.

contrast, the concentration of MMP-9 was higher in the group without
shock. The RF model, with adjustment for age and gender, identified
eight independent relevant predictors of shock (high Gini index), with
an associated AUC >0.80; IL-4, IL-6, IL-36p, CCL2, CXCL8, G-CSF,
Pentraxin-3 and S100A8 (Table 3).

A significant positive correlation was seen between Sequential Organ
Failure Assessment (SOFA) score at the day of admission and 30 out of
37 plasma mediators, but not CRP or leucocytes. Two mediators had a
significant negative correlation (Supplementary Table 4).

No associations of severe outcome and mediators were detected by
univariate analysis. In the RF model, four mediators (IL-6, IL-10, G-CSF
and Collagen IV al) were associated with severe outcome, all with an
AUC value above 0.70 (Table 4).

3.4. Mediator levels by streptococcal etiology

There were no significant differences in mediator levels in NSTI
caused by GAS compared to SD in univariate analysis. According to the
RF model, however, three markers higher in GAS cases (CXCL10, E-
selectin, and S100A9) differentiated the two etiologies, all with AUC
>0.70 (Table 5). Restricting analysis to cases with septic shock gener-
ated similar results (Supplementary Table 5).

3.5. Identification of biomarker profiles related to clinical categories using
unsupervised hierarchical clustering

To explore further the differential inflammatory profiles of the NSTI
and cellulitis cohorts, we performed an unsupervised hierarchical
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Table 3
Biomarker levels in streptococcal NSTIs with and without septic shock.
Septic shock Non-shock Mann-Whitney U” AUC ¢ RF¢
n=64 n=38 p-value” Gini index p-value
Interleukins
IL-1a 60 (53-70) 46 (39-50) 0.826 1.47 0.20
IL-1p 20 (14-34) 12 (7-17) 0.736 0.94 1.00
IL-2 1209 (822-1538) 583 (411-1017) s 0.784 1.13 0.88
IL-4 250 (222-286) 182 (152-213) 0.832 2.40 <0.01
IL-6 2676 (586-37,017) 216 (86-558) ek 0.829 2.72 <0.01
IL-10 91 (58-166) 44 (18-67) s 0.786 1.24 0.14
IL-12p70 218 (181-292) 131 (75-196) 0.776 1.21 0.72
IL-13 1562 (1303-1793) 1218 (955-1474) 0.739 0.80 1.00
IL-17A 42 (20-90) 19 (12-30) ok 0.731 1.25 0.91
IL-18 566 (397-1106) 546 (291-856) NS - 1.27 0.91
IL-22 127 (116-151) 101 (87-121) i 0.777 1.03 0.98
IL-23 2726 (486-8356) 1460 (196-4961) NS - 0.85 1.00
IL-36p 19 (17-23) 15 (12-16) i 0.847 2.28 <0.01
Chemokines
CCL2 1325 (754-2914) 387 (211-594) ok 0.847 2.79 0.02
CCL4 951 (937-1040) 767 (699-835) i 0.813 1.82 0.09
CCL5 6056 (2155-14,518) 7490 (3684-12,088) NS - 1.17 0.98
CXCL8 74 (38-493) 19 (12-31) xR 0.806 2.42 0.04
CXCL10 19,426 (1298-385,626) 981 (371-11,054) i 0.726 1.24 0.88
Adhesion molecules
E-selectin 156,013 (118576-214,019) 121,227 (71708-185,216) NS - 1.00 1.00
ICAM-1 737,901 (568,783-916,275) 616,286 (527,608-771,348) NS - 0.69 1.00
VCAM-1 49.9 x 10° (37.2 x 10°-70.5 x 10%) 39.4 x 10° (21.3 x 10°-52.9 x 10°) NS - 0.93 1.00
Matrix metalloproteases
MMP-1 1961 (1366-4374) 1243 (856-1875) * 0.682 0.91 1.00
MMP-8 45,030 (25367-73,789) 14,578 (8403-35,893) i 0.730 1.20 0.92
MMP-9 4210 (2628-8410) 15,353 (5114-30,679) 0.748 © 1.64 0.38
Growth factors
G-CSF 7544 (1989-60,986) 441 (269-1099) i 0.858 3.82 0.02
Other
C5/C5a 21,255 (13315-32,528) 22,401 (15613-34,755) NS - 1.46 0.77
Pentraxin-3 20,872 (10,810-30,902) 5735 (3163-12,991) ok 0.837 3.24 <0.01
TNFa 47 (29-72) 22 (17-30) e 0.812 1.92 0.09
S100A8 1329 (939-2143) 707 (490-865) 0.820 3.85 <0.01
S100A9 3124 (1549-5714) 2151 (1477-3395) NS - 0.98 1.00
MPO 47,213 (36,078-61,287) 31,046 (24,733-40,880) ok 0.732 1.61 0.40
Fas-ligand 41 (31-70) 30 (20-38) ok 0.719 1.70 0.31
Thrombomodulin 13,813 (10,269-16,996) 11,424 (7955-13,081) * 0.678 1.60 0.50
Galectin-3 3564 (2973-4189) 3058 (2606-3503) NS - 0.76 1.00
Collagen 1V al 3101 (2105-4597) 1846 (1365-2905) s 0.736 1.09 0.99
Collagen I a1 10,861 (7826-23,185) 8030 (5302-13,384) NS - 1.00 1.00
Resistin 57,395 (45,002-67,308) 46,847 (31,006-60,136) NS - 0.63 1.00
Leucocytes U 11.9 (7.2-19.4) 16.5 (11.9-20.8) NS - 0.97 1.00
CRP ¢ 284 (149-377) 270 (200-337) NS - 1.13 0.99

Unit of measurement: pg/mL. Data are presented as median values with interquartile ranges (IQR). Bold face indicates significant findings in both Mann-Whitney U

test, RF and AUC.

@ Calculated after resampling as described in methods.

> Mann-Whitney U test p-values after Benjamini-Hochberg adjustment: * <0.05; ** <0.01; *** <0.005. NS: non-significant.
¢ AUC: Area under receiver operating curve. AUC values are presented exclusively for biomarkers with statistically significant differences obtained after Benjamini-

Hochberg adjustment.

4 RF: Random forest. No. of trees: 100.000. Split: 6. Repetitions: 100. Accuracy: 72.6%. Age and gender are clinical parameters included in the RF modelling.

¢ Non-shock>Septic shock.
f Unit of measurement: x10°/L. Missing six in the GAS cohort.
8 Unit of measurement: mg/L. Missing five in the GAS cohort.

cluster analysis, including septic shock, severe outcome, and strepto-
coccal etiology of NSTIs. Four main clusters were detected, as shown in
Fig. 1. The clusters with high or intermediate mediator levels (denoted
cluster 1a and 1b, respectively) included 87% (20/23) of the cases with
severe outcome (P = 0.002), and 85% (57/67) of the cases with septic
shock (P < 0.001). Cluster 1a comprised GAS cases only. Sixteen of the
19 non-operated cellulitis cases were grouped in cluster 2, showing, in
general, low levels of mediators.

3.6. Network and connectivity analysis

Network connectivity analysis was applied to assess interactions and
to identify key response nodes among the mediators. Differences in

connectivity were evident within the GAS cohort, whereas few signifi-
cant connections were detected in the SD cohort (Supplementary
Table 6). In the mediator-mediator association networks, a similar
pattern was seen. Several associations among mediators were retrieved
for the GAS cohort, with distinctive connections and strong power of the
connections, of which the connection between IL-17A and S100A9 in
septic shock cases was most evident. In contrast, associations were
generally weak in the SD cohort (Supplementary Fig. 1).

3.7. Biomarker responses after in vitro stimulation

In vitro stimulation of PBMC and human umbilical vein endothelial
cells (HUVEC) with GAS and SD was performed to corroborate the host
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Table 4
Biomarker levels in streptococcal NSTIs by outcome.
Severe outcome * Non-severe outcome Mann-Whitney U” AUC ¢ RF®
n=16 n=65 p-value® Gini index p-value
Interleukins
IL-1a 65 (54-70) 53 (46-60) NS - 0.55 0.10
IL-1p 26 (15-40) 17 (11-24) NS - 0.28 0.96
IL-2 1099 (741-1441) 1038 (561-1253) NS - 0.33 0.85
IL-4 231 (217-286) 220 (179-261) NS - 0.29 0.94
IL-6 9885 (2599-66,661) 506 (168-1947) NS 0.795 0.97 0.04
IL-10 127 (62-312) 63 (40-90) NS 0.702 0.94 0.03
IL-12p70 250 (206-329) 182 (127-231) NS - 0.52 0.31
IL-13 1575 (1282-1837) 1409 (1154-1626) NS - 0.30 0.91
IL-17A 33(17-167) 27 (17-61) NS - 0.51 0.37
IL-18 561 (387-1473) 593 (386-800) NS - 0.29 0.94
IL-22 134 (112-196) 120 (101-134) NS - 0.52 0.28
IL-23 2972 (101-6935) 1886 (519-8376) NS - 0.30 0.96
IL-36p 19 (16-23) 17 (15-20) NS - 0.26 0.96
Chemokines
CCL2 988 (612-2556) 775 (343-1791) NS - 0.40 0.66
CCL4 913 (837-1033) 835 (760-955) NS - 0.34 0.76
CCL5 2906 (1430-10,603) 6861 (2892-12,481) NS - 0.84 0.10
CXCL8 230 (64-643) 33 (16-81) NS - 0.61 0.26
CXCL10 4355 (893-222,004) 6878 (824-383,300) NS - 0.35 0.74
Adhesion molecules
E-selectin 120,734 (80,256-193,336) 143,440 (103,933-187,719) NS - 0.44 0.60
ICAM-1 748,585 (507,738-1,002,047) 654,278 (544,169-863,507) NS - 0.56 0.31
VCAM-1 5.2 x 10° (4.6 x 10°-7.7 x 10°%) 4.1 x 10° (3.2 x 10°-6.3 x 10%) NS - 0.47 0.58
Matrix metalloproteases
MMP-1 2518 (1772-7568) 1405 (937-2736) NS - 0.38 0.79
MMP-8 51,096 (23,720-75,962) 24,620 (11,130-52,946) NS - 0.66 0.26
MMP-9 3217 (2320-10,830) 5701 (3844-21,384) NS - 0.43 0.68
Growth factors
G-CSF 26,117 (3279-421,222) 1465 (430-8386) NS 0.747 0.97 0.03
Other
C5/C5a 17,937 (12,831-2247) 22,579 (14,177-37,416) NS - 0.52 0.51
Pentraxin-3 20,679 (11,514-25,231) 12,991 (5330-27,959) NS - 0.30 0.98
TNFa 36 (28-84) 29 (21-48) NS - 0.30 0.92
S100A8 1849 (1020-2720) 915 (703-1341) NS - 0.57 0.19
S100A9 1795 (1084-4787) 2616 (1477-4213) NS - 0.65 0.23
MPO 55,629 (38,269-80,820) 37,231 (29,011-53,639) NS - 0.60 0.32
Fas-ligand 34 (25-87) 38 (27-52) NS - 0.68 0.25
Thrombomodulin 13,813 (10,301-18,267) 12,407 (9102-15,802) NS - 0.28 0.94
Galectin-3 3580 (3259-4123) 2370 (2628-3664) NS - 0.32 0.94
Collagen 1V a1 4131 (2243-6203) 2347 (1554-3300) NS 0.734 1.37 <0.01
Collagen I a1 9341 (6926-19,013) 9130 (7160-17,516) NS - 0.83 0.17
Resistin 57,395 (49,644-67,740) 54,208 (31,893-63,171) NS - 0.29 0.97
Leucocytes U 9.3 (6.6-23.7) 13.9 (7.7-19.3) NS - 0.55 0.40
CRP ¢ 168 (110-309) 271 (192-364) NS - 0.46 0.66

Unit of measurement: pg/mL. Data are presented as median values with interquartile ranges (IQR). Bold face indicates significant finding.
@ Severe outcome: Death or amputation within 90 days. Only cases with NSTIs affecting extremities were included. Those amputated before arrival at study hospital
were excluded. Amputation defined as the surgical removal of all or part of a limb or extremity.

b Calculated after resampling as described in methods section.

¢ Mann-Whitney U test p-values after Benjamini-Hochberg adjustment: * <0.05; ** <0.01; *** <0.005. NS: non-significant.
4 AUC: Area under receiver operating curve. AUC values are presented exclusively for biomarkers with statistically significant differences obtained after Benjamini-

Hochberg adjustment or RF modelling.

¢ RF: Random forest. No. of trees: 100.000. Split: 6. Repetitions: 100. Accuracy: 79.7%. Age, gender and septic shock, hyperbaric oxygen treatment (HBOT) and intravenous

immunoglobulin (IVIG) treatment are clinical parameters included in the RF modelling.

f Unit of measurement: x10°/L. Missing three.
& Unit of measurement: mg/L. Missing two.

responses measured in plasma (Fig. 2). Overall GAS triggered a higher
IFNy, TNFa, and IL-1f response in PBMC as compared to SD. Similarly,
when exposing HUVECs to the stimulated PBMC supernatants, the
highest release of CXCL10 and E-selectin responses were generally
observed following stimulation with supernatants of PBMCs exposed to
GAS. In contrast, stimulation with heat-killed SD bacteria induced a
higher IL-1p and E-selectin response as compared to heat-killed GAS, but
not for S100A9, which was higher in GAS.

4. Discussion

This study demonstrates a profound immune activation in NSTI

caused by p-hemolytic streptococci and the way it differs from non-
necrotizing infections with the same pathogens. We have identified
several single mediators and broader host response profiles associated to
type of infections, streptococcal species, disease severity and outcome.
The findings illustrate that different immunological pathways and
pathogenic processes are involved or predominate along the spectrum of
moderate and severe streptococcal SSTIs. The different patterns
observed in our study can be exploited to advance the development of
much needed new diagnostic tools to aid clinical decisions and
management.

In NSTI, early recognition, surgical debridement and appropriate
antimicrobial therapy contribute to reduce mortality and improve
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Table 5

Biomarker levels in monomicrobial NSTIs caused by either GAS or SD.

Clinical Immunology 249 (2023) 109276

GAS SD Mann-Whitney U* AUC © RF¢
n=2388 n=14 p-value” Gini index p-value
Interleukins
IL-1a 55 (46-66) 49 (46-60) NS - 0.98 0.80
IL-1p 17 (12-29) 18 (9-29) NS - 1.14 0.69
IL-2 1018 (557-1395) 758 (585-1211) NS - 1.22 0.63
IL-4 227 (183-270) 223 (184-231) NS - 0.94 0.89
IL-6 702 (184-3570) 4603 (413-20,540) NS - 1.43 0.29
IL-10 74 (39-135) 60 (44-69) NS - 1.20 0.66
IL-12p70 199 (129-273) 183 (121-246) NS - 0.91 0.96
IL-13 1489 (1172-1729) 1282 (1016-1498) NS - 0.85 1.00
IL-17A 31 (17-74) 18 (11-30) NS - 1.17 0.81
II-18 594 (384-1031) 423 (344-585) NS - 1.13 0.89
IL-22 123 (100-144) 112 (102-117) NS - 1.04 0.85
IL-23 2316 (525-8612) 508 (15-2521) NS - 1.68 0.40
IL-36p 18 (15-21) 16 (15-19) NS - 1.00 0.76
Chemokines
CCL2 917 (405-1962) 671 (181-2070) NS - 1.29 0.47
CCL4 868 (761-1007) 890 (765-914) NS - 1.76 0.06
CCL5 6766 (2918-15,495) 2516 (1162-9006) NS - 1.18 0.81
CXCL8 38 (18-202) 101 (40-683) NS - 1.56 0.21
CXCL10 9616 (784-383,497) 893 (149-1508) NS 0.726 4.19 0.01
Adhesion molecules
E-selectin 150,022 (116,004-212,739) 93,763 (61,876-108,329) NS 0.742 2.18 0.04
ICAM-1 692,105 (569,574-883,187) 507,738 (395,507-833,182) NS - 2.13 0.06
VCAM-1 4.2 x 10° (3.3 x 10°-6.3 x 10°) 4.6 x 10° (3.5 x 10°-6.3 x 10%) NS - 0.74 1.00
Matrix metalloproteases
MMP-1 1566 (1067-3167) 1637 (665-2437) NS - 1.08 0.85
MMP-8 33,640 (12481-65,414) 22,312 (9384-38,223) NS - 1.00 0.93
MMP-9 5608 (3349-15,353) 4420 (1446-23,091) NS - 2.28 0.11
Growth factors
G-CSF 1830 (431-16,675) 11,025 (892-39,393) NS - 0.93 0.96
Other
C5/C5a 23,522 (15,547-34,128) 14,136 (11,511-21,060) NS - 2.76 0.08
Pentraxin-3 17,157 (6336-28,517) 11,873 (6549-19,059) NS - 0.95 0.99
TNFa 35 (22-61) 29 (26-37) NS - 0.96 0.96
S100A8 1014 (647-1803) 1037 (711-1758) NS - 1.02 0.83
S100A9 3059 (1685-5450) 1075 (671-1776) NS 0.834 2.71 0.02
MPO 42,537 (32,105-57,588) 34,100 (27,343-50,148) NS - 1.38 0.47
Fas-ligand 36 (27-55) 32 (20-41) NS - 1.18 0.75
Thrombomodulin 12,972 (8845-16,336) 12,014 (9217-13,659) NS - 1.11 0.91
Galectin-3 3318 (2770-4011) 3259 (2888-3647) NS - 0.93 0.98
Collagen IV al 2604 (1823-4188) 2051 (1599-3353) NS - 0.67 1.00
Collagen I al 10,052 (7496-23,772) 6863 (3586-14,472) NS - 1.43 0.61
Resistin 55,283 (42,589-65,419) 48,427 (31,788-67,177) NS - 1.19 0.81
Leucocytes ° 14.2 (8.2-20.4) 15.7 (6.6-23.7) NS - 1.53 0.31
CRP/ 296 (200-368) 148 (66-261) NS - 2.44 0.08

Abbreviations: GAS: Streptococcus pyogenes (Group A streptococcus), SD: S. dysgalactiae. Unit of measurement: pg/mL. Data are presented as median values with

interquartile ranges (IQR). Bold face indicates significant finding.
? Calculated after resampling as described in methods.

b Mann-Whitney U test p-values after Benjamini-Hochberg adjustment: * <0.05; ** <0.01; *** <0.005. NS: non-significant.
¢ AUC: Area under receiver operating curve. AUC values are presented exclusively for biomarkers with statistically significant differences obtained after Benjamini-

Hochberg adjustment or RF modelling.

4 RF: Random forest. No. of trees: 100.000. Split: 6. Repetitions: 100. Accuracy: 81.5%. Age, gender and septic shock are clinical parameters included in the RF modelling.

¢ Unit of measurement: x10°/L. Missing six in the GAS cohort.
f Unit of measurement: mg/L. Missing five in the GAS cohort.

patient outcomes [9,13]. It is therefore a great concern that mis-
diagnosing at admission is frequent [9]. Use of scorings systems like the
LRINEC score [30], based on routine laboratory values, has turned out to
be of limited value as adjuncts to clinical judgement [31,32]. In our
study, however, several inflammatory mediators and mediator profiles
showed promising diagnostic and prognostic accuracy, outperforming
both CRP and leucocytes.

Data on use of biomarkers in the diagnosis of NSTIs are scarce
[21,23,33]. Hansen et al. [20] studied cytokine responses in NSTIs,
observing higher levels of IL-6 and TNF« in streptococcal compared to
other NSTIs. A contemporary retrospective study, revealed IL-6 as the
most accurate cytokine to distinguish NSTIs from severe SSTIs [33]. We
have previously explored the pathogenesis in NSTIs in the INFECT

cohort identifying differential host-pathogen-interactions by etiology
[34,35]. Recently, in the same cohort we identified that thrombomo-
dulin was a promising general marker for NSTI, whereas G-CSF, S100A8
and IL-6 were associated to septic shock [23]. The present study is
restricted to GAS and SD etiology, and biomarker candidates that may be
used for separating streptococcal NSTIs from streptococcal cellulitis are
unraveled. Based on data herein, biomarker profiles (including e.g. IL-
1B, CXCL8, TNFa and possibly thrombomodulin) could become valuable
adjunctive tools to rapidly decipher severe (i.e. NSTI) from less severe (i.
e. cellulitis) infections. Although thrombomodulin was not one of the
mediators reaching significance in the RF model, as opposed to our
former study, it displayed a very high AUC (0.91) and a low p-value (P =
0.059).
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Fig. 1. Unsupervised hierarchical clustering analysis
of plasma levels of 37 mediators in 102 NSTI patients
and 23 cellulitis patients with streptococcal etiology.
Euclidean distance and complete linkage were
applied in the clustering analysis. The dendrogram on
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Fig. 2. Cell responses during in vitro stimulation with GAS and SD. Concentrations of selected analytes in cell culture media after stimulation of PBMC (A-C) or
HUVEC (D-E). Isolated PBMCs were stimulated with bacterial supernatant (S) or heat-killed bacteria (HK) for 24 h. The supernatants of the PBMC stimulations were
then used for stimulation of HUVEC cells for another 24 h. Bacterial culture media and PBS were used as negative controls for supernatant and heat-killed bacteria

stimulations, respectively. Stars indicate significance (p-value<0.05).

Distinguishing GAS from SD NSTIs based on clinical findings, is
difficult, and of limited clinical importance. Of the three mediators
displaying discriminant ability in our study, CXCL10 appear as a central
chemokine in GAS NSTIs, as previously published [23,34], and merits
further investigation.

Broad biomarker profiles may also be useful additional tools for risk
stratification and prognostic evaluation. In the hierarchical cluster
analysis, we found that 87% of the patients with a severe outcome, and
85% of those with septic shock clustered in two groups with similar
profiles. However, the method is descriptive, complex and not feasible to
apply in every-day-clinical practice. Nevertheless, hierarchical cluster
analysis may contribute to creation of novel hypotheses. Multiplex
profiling or use of combinations of biomarkers offers advantages
compared to single biomarkers, as it can portray the concomitant pro-
and anti-inflammatory pattern expressed by the patient [17,36]. The
powerful pro-inflammatory response in streptococcal NSTI, especially
when eliciting STSS, is probably a main reason for mortality [37,38]. In
two studies of NSTIs of all etiologies, both pro-inflammatory (IL-1p, IL-6,
G-CSF and TNFa) and anti-inflammatory (IL-10) cytokines were asso-
ciated with severity, mortality or amputation [20,39]. Bulger and co-
workers showed that higher levels of plasma chemokines and cytokines
(TNFa, IL-6, CXCL8, and CCL2) were correlated to poorer clinical
outcome [40]. In our study, we found that IL-6, along with IL-10, G-CSF
and Collagen IV ol could predict severe outcome in streptococcal NSTI
patients, all four displaying biomarker potential (AUC >0.70). It is
crucial that such profiles are used in conjunction with risk assessment
involving clinical factors that are highly associated to outcome, such as
underlying comorbidities, the extent of the infection, and the severity of
organ dysfunction.

In streptococcal disease, bacterial toxins, but also immune cells and
other host factors contribute to tissue damage and systemic inflamma-
tory reactions [38,41,42]. In GAS NSTI, STSS is frequent and > 60% in
our GAS NSTIs cohort had septic shock [5,18]. Key mediators of STSS
are the superantigens [19,43], which activate T cells in an unconven-
tional manner resulting in a massive cytokine response, including
release of IL-6, CXCL8, and CCL2, which all were independent markers
of shock in our study [38,44]. At-present, 13 superantigens have been

identified in GAS [38,43]. In contrast, SpeG is currently the only
superantigen gene identified in a substantial number of SD isolates [43],
and its activity and involvement in toxic shock is unclear. Although the
profound immune activation observed in the present study may reflect a
major role for superantigens in the systemic response to streptococcal
NSTIs, it is unclear to what extent the differences observed between GAS
and SD infections are due to superantigen activity. Previous findings
have demonstrated that the local cytokine response in severe SSTIs
caused by GAS resembles that of a systemic superantigen induced
response [19], but the role for superantigens at the tissue level in less
severe infections, like cellulitis, is not clear.

Notably, IL-1p levels were elevated in NSTIs compared to cellulitis.
This pro-inflammatory cytokine has been inferred as a key mediator
facilitating GAS NSTIs [38,45].

Network analyses revealed strong associations between several me-
diators in NSTIs caused by GAS. The connections may reflect the pre-
dominant role of certain virulence factors, including superantigens, in
activating pathways. In contrast, the absence of strong connectivity in
SD NSTI networks may reflect lack of superantigen activity. Also, it
could reflect the diversity of this population, where comorbidities and
age may have a greater impact on the host responses observed. Of note,
this result may be influenced by the low number of SD cases. Never-
theless, the in vitro stimulation experiments suggest that also SD has the
ability to induce a broad and strong activation of the immune system.

Together with SI00A8, S100A9 constitutes the heterodimer calpro-
tectin, a well-known damage-associated molecular patterns (DAMPs)
molecule, highly concentrated in e.g. phagocytes [46]. It has been
shown that IL-17A can induce S100A8 and S100A9 expression in kera-
tinocytes [47]. Furthermore, the complex SI00A8/100A9 is a known
endogenous activator of Toll-like receptor 4, subsequently promoting
endotoxin-induced septic shock [48], and has been associated with
increased risk of mortality in septic shock patients [49]. In our study, the
powerful association of S100A9 and IL-17A in GAS septic shock cases
suggests that the same pathway may also be involved in gram-positive
sepsis.

A main limitation of this study is the low number of severe cellulitis
cases in the control group, but resampling was applied to overcome the
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uneven numbers of patients in the different groups. Moreover, the pro-
found differences seen between NSTI and cellulitis cases would mitigate
the under-powered situation of the comparison. Collection of plasma
was done in a standardized fashion, but only at the study hospitals, and
not at admittance to the primary hospital (for the NSTI cohort). How-
ever, for the referred patients, median time from admission at primary
hospital to admission at study hospital was not more than14 and 18 h,
(for SD and GAS cases, respectively) [5].

Major strengths of this study include a predefined study protocol,
and the multicenter prospective patient enrollment, contributing to in-
clusion of a homogenous patient cohort. This cohort of cases caused by
GAS and SD is the largest to date. In addition, this study included
comparable control cohorts. The statistical methods applied decreased
the likelihood of committing type 1 errors. These strengths made it
possible to identify robust associations pointing at specific immuno-
logical pathways and biomarkers in SSTIs of streptococcal etiology. The
study therefore also adds to the identification of candidate targets for
personalized therapy in streptococcal NSTI.

In summary, this prospective study of streptococcal NSTIs compared
with cellulitis cases, identified systemic inflammatory mediators
significantly associated to type of infection as well as severity and
prognosis, both single mediators and wider profiles. The study also
highlights interactions and patterns of immune activation that may
direct search for future targets for therapy in NSTIs.

Funding

This work was supported by the European Union Seventh Framework
Programme (FP7/2007-2013) under the grant agreement [305340]
(INFECT project); the Swedish Governmental Agency for Innovation
Systems (VINNOVA), Innovation Fund Denmark [no. 8114-00005B] and
the Research Council of Norway under the frame of NordForsk [Project
no. 90456, PerAID], and the Swedish Research Council, Innovation Fund
Denmark [n0.8113-00009B], the Research Council of Norway, ZonMw,
and DLR Federal Ministry of Education and Research, under the frame of
ERA PerMed (Project [2018-151], PerMIT).

Author contribution

A.N.T. is project coordinator of the INFECT study. E.R., T.B. and S.S.
conceived the biomarker study. O.H., S.S. and M.N. are national in-
vestigators and have contributed to study design and coordinated study
conduct. M.B.M. is responsible for the database and contributed to pa-
tient inclusion and data collection, as did E.R., T.B., S.S., 0.0., T.N., N.
H., M.N. and O.H. E.R.,, LM.P.M,, S.J., T.B., S.S., KA.M., JK.D,, ES., V.
A.P.M.d.S., M.S., and A.N.T. contributed to analysis or interpretation of
data or both. E.R. drafted the publication. All authors contributed to the
writing and approved the final version.

Declaration of Competing Interest
All authors have submitted the ICMJE Form for Disclosure of Po-
tential Conflicts of Interest and no potential conflicts are reported.
Some of the data were presented at a lecture at the 21st Lancefield
International Symposium for Streptococci and Streptococcal Dis-
eases 2022, 7th - 10th June.

Data availability

The entire raw data with and without imputed values are available at
DOI: 10.5061/dryad.f1vhhmgw4.

Acknowledgements

INFECT study group: Oddvar Oppegaard, Haukeland University
Hospital, Bergen, Norway;

10

Clinical Immunology 249 (2023) 109276

Torbjgrn Nedrebg, Haukeland University Hospital, Bergen, Norway;
Morten Hedetoft, Department of Anaesthesia, Hyperbaric Unit, Uni-
versity Hospital Rigshospitalet, Copenhagen; Michael Nekludov,
Department of Anaesthesia, Surgical Services and Intensive Care, Kar-
olinska Institute, Karolinska University Hospital, Stockholm, Sweden.

We would like to acknowledge the expert technical assistance of
Kristin Rye, and Karen M. Hagen for excellent assistance with the ELISA
analyses. @ystein Bruserud is gratefully acknowledged for valuable
discussions. In addition, thanks are due to all co-workers of the INFECT
project, to patients and relatives for participation in this study, and to
the microbiological departments at every study hospital for routine- and
species diagnostics.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.clim.2023.109276.

References

[1] C. Hua, T. Urbina, R. Bosc, T. Parks, S. Sriskandan, N. de Prost, et al., Necrotising
soft-tissue infections, Lancet Infect. Dis. (2022), https://doi.org/10.1016/51473-
3099(22)00583-7.

M.B. Madsen, S. Skrede, A. Perner, P. Arnell, M. Nekludov, T. Bruun, et al.,
Patient’s characteristics and outcomes in necrotising soft-tissue infections: results
from a Scandinavian, multicentre, prospective cohort study, Intensive Care Med.
45 (9) (2019) 1241-1251, https://doi.org/10.1007/s00134-019-05730-x.

T. Bruun, B.R. Kittang, B.J. de Hoog, S. Aardal, H.K. Flaatten, N. Langeland, et al.,
Necrotizing soft tissue infections caused by streptococcus pyogenes and
streptococcus dysgalactiae subsp. equisimilis of groups C and G in western Norway,
Clin. Microbiol. Infect. 19 (12) (2013) E545-E550, https://doi.org/10.1111/1469-
0691.12276.

O. Oppegaard, H. Mylvaganam, B.R. Kittang, Beta-haemolytic group A, C and G
streptococcal infections in Western Norway: a 15-year retrospective survey, Clin.
Microbiol. Infect. 21 (2) (2015) 171-178, https://doi.org/10.1016/j.
cmi.2014.08.019.

T. Bruun, E. Rath, M. Bruun Madsen, O. Oppegaard, M. Nekludov, P. Arnell, et al.,
Risk factors and predictors of mortality in streptococcal necrotizing soft-tissue
infections: a multicenter prospective study, Clin. Infect. Dis. (2020), https://doi.
org/10.1093/cid/ciaa027.

D.L. Stevens, A.E. Bryant, Necrotizing soft-tissue infections, N. Engl. J. Med. 377
(23) (2017) 2253-2265, https://doi.org/10.1056/NEJMral600673.

C.G. Gunderson, B.M. Cherry, A. Fisher, Do patients with cellulitis need to be
hospitalized? A systematic review and Meta-analysis of mortality rates of inpatients
with cellulitis, J. Gen. Intern. Med. 33 (9) (2018) 1553-1560, https://doi.org/
10.1007/511606-018-4546-z.

T. Bruun, O. Oppegaard, B.R. Kittang, H. Mylvaganam, N. Langeland, S. Skrede,
Etiology of cellulitis and clinical prediction of streptococcal disease: a prospective
study. Open forum, Infect. Dis. Ther. 3 (1) (2016), https://doi.org/10.1093/ofid/
ofv181 ofv181.

T. Goh, L.G. Goh, C.H. Ang, C.H. Wong, Early diagnosis of necrotizing fasciitis, Br.
J. Surg. 101 (1) (2014) e119-e125, https://doi.org/10.1002/bjs.9371.

K.A. Alayed, C. Tan, N. Daneman, Red flags for necrotizing fasciitis: a case control
study, Int. J. Infect. Dis. 36 (2015) 15-20, https://doi.org/10.1016/j.
ijid.2015.04.021.

D. Miranda, E.M. Bulger, Novel immune therapies in the Management of
Streptococcal Sepsis and Necrotizing Soft Tissue Infections, Surg. Infect. 19 (8)
(2018) 745-749, https://doi.org/10.1089/sur.2018.225.

G.J. Hadeed, J. Smith, T. O’Keeffe, N. Kulvatunyou, J.L. Wynne, B. Joseph, et al.,
Early surgical intervention and its impact on patients presenting with necrotizing
soft tissue infections: a single academic center experience, J Emerg Trauma Shock.
9 (1) (2016) 22-27, https://doi.org/10.4103/0974-2700.173868.

F. Nawijn, D.P.J. Smeeing, R.M. Houwert, L.P.H. Leenen, F. Hietbrink, Time is of
the essence when treating necrotizing soft tissue infections: a systematic review
and meta-analysis, World J Emerg Surg. 15 (2020) 4, https://doi.org/10.1186/
s13017-019-0286-6.

T.S.R. van Engelen, W.J. Wiersinga, B.P. Scicluna, T. van der Poll, Biomarkers in
Sepsis, Crit. Care Clin. 34 (1) (2018) 139-152, https://doi.org/10.1016/j.
ccc.2017.08.010.

C. Pierrakos, D. Velissaris, M. Bisdorff, J.C. Marshall, J.L. Vincent, Biomarkers of
sepsis: time for a reappraisal, Crit. Care 24 (1) (2020) 287, https://doi.org/
10.1186/513054-020-02993-5.

N.S. Struck, M. Zimmermann, R. Krumkamp, E. Lorenz, T. Jacobs, T. Rieger, et al.,
Cytokine profile distinguishes children with plasmodium falciparum malaria from
those with bacterial blood stream infections, J. Infect. Dis. 221 (7) (2020)
1098-1106, https://doi.org/10.1093/infdis/jiz587.

S.W. Wright, T. Kaewarpai, L. Lovelace-Macon, D. Ducken, V. Hantrakun, K.

E. Rudd, et al., A 2-biomarker model augments clinical prediction of mortality in
Melioidosis, Clin. Infect. Dis. 72 (5) (2021) 821-828, https://doi.org/10.1093/cid/
ciaal26.

[2]

[3]

[4]

[5]

[6]

71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]


https://doi.org/10.5061/dryad.f1vhhmgw4
https://doi.org/10.1016/j.clim.2023.109276
https://doi.org/10.1016/j.clim.2023.109276
https://doi.org/10.1016/S1473-3099(22)00583-7
https://doi.org/10.1016/S1473-3099(22)00583-7
https://doi.org/10.1007/s00134-019-05730-x
https://doi.org/10.1111/1469-0691.12276
https://doi.org/10.1111/1469-0691.12276
https://doi.org/10.1016/j.cmi.2014.08.019
https://doi.org/10.1016/j.cmi.2014.08.019
https://doi.org/10.1093/cid/ciaa027
https://doi.org/10.1093/cid/ciaa027
https://doi.org/10.1056/NEJMra1600673
https://doi.org/10.1007/s11606-018-4546-z
https://doi.org/10.1007/s11606-018-4546-z
https://doi.org/10.1093/ofid/ofv181
https://doi.org/10.1093/ofid/ofv181
https://doi.org/10.1002/bjs.9371
https://doi.org/10.1016/j.ijid.2015.04.021
https://doi.org/10.1016/j.ijid.2015.04.021
https://doi.org/10.1089/sur.2018.225
https://doi.org/10.4103/0974-2700.173868
https://doi.org/10.1186/s13017-019-0286-6
https://doi.org/10.1186/s13017-019-0286-6
https://doi.org/10.1016/j.ccc.2017.08.010
https://doi.org/10.1016/j.ccc.2017.08.010
https://doi.org/10.1186/s13054-020-02993-5
https://doi.org/10.1186/s13054-020-02993-5
https://doi.org/10.1093/infdis/jiz587
https://doi.org/10.1093/cid/ciaa126
https://doi.org/10.1093/cid/ciaa126

E. Rath et al.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

D.E. Low, Toxic shock syndrome: major advances in pathogenesis, but not
treatment, Crit. Care Clin. 29 (3) (2013) 651-675, https://doi.org/10.1016/j.
ccc.2013.03.012.

A. Norrby-Teglund, P. Thulin, B.S. Gan, M. Kotb, A. McGeer, J. Andersson, et al.,
Evidence for superantigen involvement in severe group a streptococcal tissue
infections, J. Infect. Dis. 184 (7) (2001) 853-860, https://doi.org/10.1086/
323443.

M.B. Hansen, L.S. Rasmussen, M. Svensson, B. Chakrakodi, T. Bruun, M.B. Madsen,
et al., Association between cytokine response, the LRINEC score and outcome in
patients with necrotising soft tissue infection: a multicentre, prospective study, Sci.
Rep. 7 (2017) 42179, https://doi.org/10.1038/srep42179.

E. Saccenti, M. Svensson, Systems biology and biomarkers in necrotizing soft tissue
infections, Adv. Exp. Med. Biol. 1294 (2020) 167-186, https://doi.org/10.1007/
978-3-030-57616-5_11.

M.K. Kristensen, M.B. Hansen, M.B. Madsen, C.B. Hansen, K. Pilely, O. Hyldegaard,
et al., Complement activation is associated with mortality in patients with
necrotizing soft-tissue infections-a prospective observational study, Front.
Immunol. 11 (2020) 17, https://doi.org/10.3389/fimmu.2020.00017.

L.M. Palma Medina, E. Rath, S. Jahagirdar, T. Bruun, M.B. Madsen, K. Stralin, et
al., Discriminatory plasma biomarkers predict specific clinical phenotypes of
necrotizing soft-tissue infections, J. Clin. Invest. 131 (14) (2021), https://doi.org/
10.1172/JCI149523.

M.B. Madsen, S. Skrede, T. Bruun, P. Arnell, A. Rosen, M. Nekludov, et al.,
Necrotizing soft tissue infections - a multicentre, prospective observational study
(INFECT): protocol and statistical analysis plan, Acta Anaesthesiol. Scand. 62 (2)
(2018) 272-279, https://doi.org/10.1111/aas.13024.

Y. Benjamini, Y. Hochberg, Controlling the false discovery rate - a practical and
powerful approach to multiple testing, J. Royal Stat. Soc. Ser. B-Stat. Methodol. 57
(1) (1995) 289-300, https://doi.org/10.1111/§.2517-6161.1995.tb02031 .x.

C. Cheadle, M.P. Vawter, W.J. Freed, K.G. Becker, Analysis of microarray data
using Z score transformation, J Mol Diagn. 5 (2) (2003) 73-81, https://doi.org/
10.1016/581525-1578(10)60455-2.

A.K. Stavrum, K. Petersen, I. Jonassen, B. Dysvik, Analysis of gene-expression data
using J-Express, Curr. Protoc. Bioinformatics (2008), https://doi.org/10.1002/
0471250953.bi0703s21. Chapter 7:Unit 7 3.

S. Jahagirdar, M. Suarez-Diez, E. Saccenti, Simulation and reconstruction of
metabolite-metabolite association networks using a metabolic dynamic model and
correlation based algorithms, J. Proteome Res. 18 (3) (2019) 1099-1113, https://
doi.org/10.1021/acs.jproteome.8b00781.

S. Jahagirdar, E. Saccenti, On the use of correlation and MI as a measure of
metabolite-metabolite Association for Network Differential Connectivity Analysis,
Metabolites. 10 (4) (2020), https://doi.org/10.3390/metabo10040171.

C.H. Wong, L.W. Khin, K.S. Heng, K.C. Tan, C.O. Low, The LRINEC (laboratory risk
Indicator for necrotizing fasciitis) score: a tool for distinguishing necrotizing
fasciitis from other soft tissue infections, Crit. Care Med. 32 (7) (2004) 1535-1541,
https://doi.org/10.1097/01.ccm.0000129486.35458.7d.

S.M. Fernando, A. Tran, W. Cheng, B. Rochwerg, K. Kyeremanteng, A.J.E. Seely, et
al., Necrotizing soft tissue infection: diagnostic accuracy of physical examination,
imaging, and LRINEC score: a systematic review and Meta-analysis, Ann. Surg. 269
(1) (2019) 58-65, https://doi.org/10.1097/SLA.0000000000002774.

C.T. Hsiao, C.P. Chang, T.Y. Huang, Y.C. Chen, W.C. Fann, Prospective validation
of the laboratory risk Indicator for necrotizing fasciitis (LRINEC) score for
necrotizing fasciitis of the extremities, PLoS One 15 (1) (2020), e0227748, https://
doi.org/10.1371/journal.pone.0227748.

X.W. Ling, T.T. Zhang, M.M. Ling, W.H. Chen, C.H. Huang, G.L. Shen, Th1/Th2
cytokine levels: a potential diagnostic tool for patients with necrotizing fasciitis,
Burns. (2022), https://doi.org/10.1016/j.burns.2022.08.018.

R. Thanert, A. Itzek, J. Hossmann, D. Hamisch, M.B. Madsen, O. Hyldegaard, et al.,
Molecular profiling of tissue biopsies reveals unique signatures associated with

11

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Clinical Immunology 249 (2023) 109276

streptococcal necrotizing soft tissue infections, Nat. Commun. 10 (1) (2019) 3846,
https://doi.org/10.1038/541467-019-11722-8.

S. Jahagirdar, L. Morris, N. Benis, O. Oppegaard, M. Svenson, O. Hyldegaard, et al.,
Analysis of host-pathogen gene association networks reveals patient-specific
response to streptococcal and polymicrobial necrotising soft tissue infections, BMC
Med. 20 (1) (2022) 173, https://doi.org/10.1186/512916-022-02355-8.

B.M. Tang, S.J. Huang, A.S. McLean, Genome-wide transcription profiling of
human sepsis: a systematic review, Crit. Care 14 (6) (2010) R237, https://doi.org/
10.1186/cc9392.

M. Gottlieb, B. Long, A. Koyfman, The evaluation and Management of Toxic Shock
Syndrome in the emergency department: a review of the literature, J Emerg Med.
54 (6) (2018) 807-814, https://doi.org/10.1016/j.jemermed.2017.12.048.

N. Siemens, J. Snall, M. Svensson, A. Norrby-Teglund, Pathogenic mechanisms of
streptococcal necrotizing soft tissue infections, Adv. Exp. Med. Biol. 1294 (2020)
127-150, https://doi.org/10.1007/978-3-030-57616-5_9.

M. Hedetoft, P. Garred, M.B. Madsen, O. Hyldegaard, Hyperbaric oxygen treatment
is associated with a decrease in cytokine levels in patients with necrotizing soft-
tissue infection, Phys. Rep. 9 (6) (2021), e14757, https://doi.org/10.14814/
phy2.14757.

E. Bulger, G. Maislin, W. Dankner, A. May, R. Edgar, A. Shirvan, 682: early plasma
cytokine levels correlate with outcome in necrotizing soft tissue infections, Crit.
Care Med. 46 (1) (2018) 327, https://doi.org/10.1097/01.
ccm.0000528697.73326.e7.

L. Johansson, P. Thulin, D.E. Low, A. Norrby-Teglund, Getting under the skin: the
immunopathogenesis of streptococcus pyogenes deep tissue infections, Clin. Infect.
Dis. 51 (1) (2010) 58-65, https://doi.org/10.1086/653116.

A. Norrby-Teglund, S. Chatellier, D.E. Low, A. McGeer, K. Green, M. Kotb, Host
variation in cytokine responses to superantigens determine the severity of invasive
group a streptococcal infection, Eur. J. Immunol. 30 (11) (2000) 3247-3255,
https://doi.org/10.1002/1521-4141(200011)30:11<3247::AID-IMMU3247>3.0.
CO;2-D.

R.J. Commons, P.R. Smeesters, T. Proft, J.D. Fraser, R. Robins-Browne, N. Curtis,
Streptococcal superantigens: categorization and clinical associations, Trends Mol.
Med. 20 (1) (2014) 48-62, https://doi.org/10.1016/j.molmed.2013.10.004.

T. Proft, J.D. Fraser, Streptococcal Superantigens: Biological properties and
potential role in disease, in: J.J. Ferretti, D.L. Stevens, V.A. Fischetti (Eds.),
Streptococcus pyogenes : Basic Biology to Clinical Manifestations, 2016. Oklahoma
City (OK).

K. Chella Krishnan, S. Mukundan, J. Alagarsamy, J. Hur, S. Nookala, N. Siemens, et
al., Genetic architecture of group a streptococcal necrotizing soft tissue infections
in the mouse, PLoS Pathog. 12 (7) (2016), e1005732, https://doi.org/10.1371/
journal.ppat.1005732.

T. Vogl, M. Eisenblatter, T. Voller, S. Zenker, S. Hermann, P. van Lent, et al.,
Alarmin S100A8/S100A9 as a biomarker for molecular imaging of local
inflammatory activity, Nat. Commun. 5 (2014) 4593, https://doi.org/10.1038/
ncomms5593.

S.C. Liang, X.Y. Tan, D.P. Luxenberg, R. Karim, K. Dunussi-Joannopoulos,

M. Collins, et al., Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and
cooperatively enhance expression of antimicrobial peptides, J. Exp. Med. 203 (10)
(2006) 2271-2279, https://doi.org/10.1084/jem.20061308.

T. Vogl, K. Tenbrock, S. Ludwig, N. Leukert, C. Ehrhardt, M.A. van Zoelen, et al.,
Mrp8 and Mrpl4 are endogenous activators of toll-like receptor 4, promoting
lethal, endotoxin-induced shock, Nat. Med. 13 (9) (2007) 1042-1049, https://doi.
org/10.1038/nm1638.

C. Dubois, D. Marce, V. Faivre, A.C. Lukaszewicz, C. Junot, F. Fenaille, et al., High
plasma level of SI00A8/S100A9 and S100A12 at admission indicates a higher risk
of death in septic shock patients, Sci. Rep. 9 (1) (2019) 15660, https://doi.org/
10.1038/541598-019-52184-8.


https://doi.org/10.1016/j.ccc.2013.03.012
https://doi.org/10.1016/j.ccc.2013.03.012
https://doi.org/10.1086/323443
https://doi.org/10.1086/323443
https://doi.org/10.1038/srep42179
https://doi.org/10.1007/978-3-030-57616-5_11
https://doi.org/10.1007/978-3-030-57616-5_11
https://doi.org/10.3389/fimmu.2020.00017
https://doi.org/10.1172/JCI149523
https://doi.org/10.1172/JCI149523
https://doi.org/10.1111/aas.13024
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/S1525-1578(10)60455-2
https://doi.org/10.1016/S1525-1578(10)60455-2
https://doi.org/10.1002/0471250953.bi0703s21
https://doi.org/10.1002/0471250953.bi0703s21
https://doi.org/10.1021/acs.jproteome.8b00781
https://doi.org/10.1021/acs.jproteome.8b00781
https://doi.org/10.3390/metabo10040171
https://doi.org/10.1097/01.ccm.0000129486.35458.7d
https://doi.org/10.1097/SLA.0000000000002774
https://doi.org/10.1371/journal.pone.0227748
https://doi.org/10.1371/journal.pone.0227748
https://doi.org/10.1016/j.burns.2022.08.018
https://doi.org/10.1038/s41467-019-11722-8
https://doi.org/10.1186/s12916-022-02355-8
https://doi.org/10.1186/cc9392
https://doi.org/10.1186/cc9392
https://doi.org/10.1016/j.jemermed.2017.12.048
https://doi.org/10.1007/978-3-030-57616-5_9
https://doi.org/10.14814/phy2.14757
https://doi.org/10.14814/phy2.14757
https://doi.org/10.1097/01.ccm.0000528697.73326.e7
https://doi.org/10.1097/01.ccm.0000528697.73326.e7
https://doi.org/10.1086/653116
https://doi.org/10.1002/1521-4141(200011)30:11<3247::AID-IMMU3247>3.0.CO;2-D
https://doi.org/10.1002/1521-4141(200011)30:11<3247::AID-IMMU3247>3.0.CO;2-D
https://doi.org/10.1016/j.molmed.2013.10.004
http://refhub.elsevier.com/S1521-6616(23)00055-4/rf0220
http://refhub.elsevier.com/S1521-6616(23)00055-4/rf0220
http://refhub.elsevier.com/S1521-6616(23)00055-4/rf0220
http://refhub.elsevier.com/S1521-6616(23)00055-4/rf0220
https://doi.org/10.1371/journal.ppat.1005732
https://doi.org/10.1371/journal.ppat.1005732
https://doi.org/10.1038/ncomms5593
https://doi.org/10.1038/ncomms5593
https://doi.org/10.1084/jem.20061308
https://doi.org/10.1038/nm1638
https://doi.org/10.1038/nm1638
https://doi.org/10.1038/s41598-019-52184-8
https://doi.org/10.1038/s41598-019-52184-8

	Systemic immune activation profiles in streptococcal necrotizing soft tissue infections: A prospective multicenter study
	1 Introduction
	2 Materials and methods
	2.1 Setting & patients
	2.2 Clinical characteristics
	2.3 Plasma biomarker analysis
	2.4 Experimental model: In vitro stimulation
	2.5 Statistical analysis

	3 Results
	3.1 Clinical characteristics
	3.2 Mediator levels in streptococcal necrotizing soft tissue infections and cellulitis
	3.3 Mediator levels associated to severity and outcome in necrotizing soft tissue infections
	3.4 Mediator levels by streptococcal etiology
	3.5 Identification of biomarker profiles related to clinical categories using unsupervised hierarchical clustering
	3.6 Network and connectivity analysis
	3.7 Biomarker responses after in vitro stimulation

	4 Discussion
	Funding
	Author contribution
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


