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Abstract: Immunoglobulin IgM is important for controlling viral and bacterial infections, and low
immunoglobulin levels have been found in sepsis. There is a clear need to stratify sepsis patients
according to the presence of an invading organism, compared to no organism identified, and SIRS
patients, where organ dysfunction is a result of a non-infective process. The aim of this pilot study
in a small cohort of patients with sepsis was to evaluate the association between IgM plasma levels
and survival in 47 patients with sepsis and 11 patients diagnosed with organ failure without the
identification of a pathogen (SIRS). Patients were admitted to the intensive care unit (ICU) at The
Royal Glamorgan Hospital, Llantrisant, UK between 2010 and 2014. We found that low IgM levels
were associated with sepsis, but not SIRS. IgM levels did not differ significantly for culture-positive
(CP) compared with culture-negative (CN, no organism found) sepsis samples. Kaplan-Meier
analysis was used to compare survival curves according to IgM levels, with no significant difference.
We observed significantly higher survival in the CP samples when comparing with CN. Cut-off
value for IgM (266 pg/mL) for diagnosis of sepsis patients was determined using receiver operator
characteristic (ROC) curves with 70% sensitivity, 69% specificity and 92% negative predictive values
(NPV), respectively. The corresponding area under the curve (AUC) for the discrimination of
sepsis patients was AUC = 0.73, and in a subgroup analysis of CP was AUC = 0.77 and for CN
was AUC = 0.79. We confirm IgM as a good diagnostic marker of sepsis. These findings indicate
a difference in the pathology between culture-positive versus negative sepsis, SIRS and survival.
This indicates that IgM is likely relevant to pathology, because of its role in the early immune
response against pathogens, the potentially protective role of natural IgM antibodies, and supports
its application in immunoglobulin therapy.

Keywords: immunoglobulins; sepsis; SIRS; culture-negative

1. Introduction

Sepsis is defined as the dysregulated host response to infection causing organ dysfunc-
tion [1]. This recent definition closely mirrors the previous category of severe sepsis, which
is a major cause of morbidity and mortality in both developed and developing countries [2].
Mortality rates remain at around 30%, and higher in septic shock, despite advances in
critical care [3]. The invasion of sterile tissues by infective agents will trigger a primarily
innate immune response, which could lead to the clinical manifestation of sepsis and severe
sepsis pathology [4]. Initially, it was assumed that this was primarily due to Gram-negative
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bacteria, but it is now clear that Gram-positive bacteria, as well as viral, fungal and parasitic
organisms, also play an important role in the development of sepsis [5-8]. A retrospective,
longitudinal study over a 20-year period reported that in over 50% of sepsis patients,
microbiologically proven culture-positive (CP) samples were recorded [9] The invading
organism distribution showed Gram-positive bacteria (52.1% of cases), Gram-negative
bacteria (37.6%), polymicrobial infections (4.7%), anaerobes (1.0%), and fungi (4.6%) [9].
The organism class responsible for the primary infection, has been shown to play a role in
determining the mortality of patients with sepsis. We have previously demonstrated that
primarily Gram-negative infections are associated with an elevated mortality [8]. However,
often no specific organism can be identified, and 28-49% of severe sepsis incidents have
been described as being culture-negative (CN) [10,11]. This is commonly explained by a
lack of test sensitivity for infecting organisms due to insensitive methodologies applied
in the clinical practice or administration of antibiotics [12], but could also be a result of
pathophysiological differences between culture-positive and negative sepsis or SIRS [13].

Low immunoglobulin levels have been found in sepsis [14-18]. The IgM isotype
is produced by B cells in responses to acute infection, thus endogenous IgM is the first
line of the humoral host defense to aid opsonization and clearance of invading organ-
isms [19-21]. IgM has been shown to be crucial for controlling both viral and bacterial
infections [22-24], as its absence leads to inefficient induction of protective IgG antibody
responses [25,26]. Low IgM levels have been shown to be associated with sepsis [27-29],
possibly caused by a defective B cell response or a selective depletion of IgM producing
memory cells [30,31], which may affect early pathogen clearance. Some evidence indicates
that IgM-enriched therapy may be beneficial in Gram-negative sepsis, however the data is
conflicting [32-34]. Unknown mechanisms of action of both endogenous immunoglobulins
and immunoglobulin preparations in sepsis could explain the controversial results found
in clinical trials [35].

There is a clear need to stratify cohorts of patients with clinical manifestation of
sepsis into populations according to presence of an invading organism (culture-positive,
CP) and its Gram status (Gram-positive versus Gram-negative), compared to absence of
an invading organism (culture-negative, CN, i.e., no organism identified) and compare
them to patients where organ dysfunction is a result of a non-infective process known as
systemic inflammatory response syndrome (SIRS) [13]. There is an ongoing need to identify
biomarkers that aid this stratification, as they might reveal important subgroups of patients
needing targeted therapeutics and treatment [4]. Therefore, the aim of our study was to
compare the endogenous plasma IgM levels in culture-positive (including Gram-positive
and negative) to culture-negative (no organism found) severe sepsis and SIRS patients and
examine these levels in survivors and non-survivors.

2. Materials and Methods
2.1. Study Design

Following written consent, patients presenting to the Royal Glamorgan Hospital’s
10-bedded mixed medical/surgical ICU between January 2011 and March 2014 were en-
rolled. The study was approved by the South East Wales Research Ethics Committee
(reference number 10WSE /421, June 2011) and registered with the UK Clinical Research
Network (UKCRN; Cellular and biochemical investigations in sepsis, ID 11231).

2.1.1. Inclusion Criteria

We recruited adult patients, 18 years or older, who presented to the ICU within 24 h
of the presumed onset of the acute illness. The diagnosis of sepsis required the presence
of systemic inflammatory response syndrome and organ dysfunction due to infection
according to the previous definition of sepsis and had to fulfil the following criteria [2]:

(a) presence of at least 2 out of 4 SIRS criteria: (i) Temperature >38 °C or <36 °C.
(if) Heart rate > 90 beats per minute. (iii) Respiratory rate > 20/min or PaCO, < 32 mmHg
or need for mechanical ventilation. (iv) White cell count > 12,000 or <4000 cells/+ or
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>10% band forms in whole blood. (b) Known or suspected bacterial infection requiring
antimicrobial therapy. (c) Organ dysfunction (one of the following): (i) Circulatory (one of
the following): Systolic blood pressure < 90 mmHg or mean arterial pressure < 70 mmHg
for 1 h despite adequate volume replacement. (ii) Respiratory (one of the following):
PaO, /FiO; ratio < 250 mmHg in the presence of other organ failure. PaO,:FiO, ratio
<200 mmHg in primary pulmonary failure. (iii) Renal: Urine output < 0.5 mL/kg/h for
1 h despite adequate volume replacement. (iv) Haematological: Platelet count < 80,000
cells per mm?>. (v) Metabolic (one of the following): Unexplained acidosis with pH < 7.3 or
BE < -5, or Lactate > 1.5 normal upper limit for laboratory.

Patients in the SIRS group were enrolled when they fulfilled two or more SIRS criteria,
had documented organ dysfunction as described above, but were not treated with antimi-
crobials for known or presumed infection. All patients had arterial cannulation as part of
their standard care. Further clinical details of the groups have been described before [8,36].

2.1.2. Exclusion Criteria

We only recorded the first ICU admission and excluded readmissions. We excluded
currently pregnant, breastfeeding, or females in whom a pregnancy test had not been
performed. Patients unlikely to survive for the duration of the study period or patients
who suffered a cardiac arrest before admission to the ICU were excluded. We excluded
patients with underlying impairment of higher function that would have made it impossible
for informed consent to be given upon recovery (e.g., severe learning disability). Patients
with severe immune deficiency including AIDS diagnosis, those on immunosuppressant
drugs or high dose corticosteroid treatment (>10 mg prednisolone equivalent per day) as
well as liver failure with Child-Pugh grade 3 or greater were excluded.

2.1.3. Healthy Controls

Healthy controls were normally fit and well; not suffering from an acute or chronic
inflammatory illness (e.g., severe asthma or rheumatoid arthritis) and not taking immuno-
suppressant medications

2.2. Blood Plasma Collection and IgM Quantification

Blood was drawn from consenting healthy volunteers (n = 48) and sepsis (n = 47)
or SIRS (n = 11) patients within 12 h of ICU admission and plasma was obtained by
centrifugation from whole blood with added EDTA and stored in 0.5 mL aliquots at
—80 °C.

IgM protein levels were determined by ELISA developed in house. In brief, 96 well
micro titer plates were coated with anti-IgM capture antibody (donkey Anti-Human IgM,
Fc5u fragment specific) at 5 pg/mL (Stratech Scientific Limited, Ely, UK) in 50 mM Car-
bonate buffer, pH 9.6 for 2 h at 37 °C, washed once with 5% PBST, followed by blocking
with 5% gelatin in PBST for 1 h at 37 °C. Cross-reactivity was negligible according to the
manufacturer: based on immunoelectrophoresis and/or ELISA, the antibody reacts with
the Fc5u portion of the human IgM heavy chain, but not with human IgG, IgA, or the light
chains of human immunoglobulins.

Patient or healthy control plasma samples were measured in triplicate (n = 3) and
diluted 1:2000 in 5% gelatin/PBST and incubated for 1 h at 37 °C, followed by PBST wash.
Goat anti-human IgM-HRP (1:5000 dilution) was incubated for 1 h at 37 °C, and washed
thrice with 5% PBST. O-Phenylenediamine dihydrochloride (OPD) (Sigma Aldrich Co
Ltd., UK) is a horse radish peroxidase (HRP) substrate that was added to each well for
10 min before the reaction was stopped with 10% sulphuric acid. Absorbance was read
at optical density (OD) of 492 nm in a plate reader (Tecan Ltd., UK). Endogenous plasma
IgM concentration was calculated by linear regression analysis against a IgM standard
(Sigma Aldrich Co Ltd., UK). The IgM ELISA was validated by comparison to the clinical
standard, IgM nephelometry (Department of Clinical Biochemistry, University Hospital
Wales, Cardiff, UK) with a correlation of r = 0.86 (Spearman r) and p = 0.001.
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The IgM ELISA normal range was determined in healthy plasma samples as 92-1160 ug/mL,
with sensitivity of 5-5000 pg/mL. IgM was determined as intra-and inter-assay triplicates. To
determine the cut-off IgM concentration, Youden'’s ] index was determined from the ROC curve
of the sepsis cohort. The cut-off value of 266 pg/mL showed 70% sensitivity and 69% specificity.
With a cut-off value of <266 ng/mlL, IgM was considered a good diagnostic marker to distinguish
between sepsis and healthy controls or SIRS.

As marker of inflammation and discriminator between sepsis and SIRS, the standard
clinical marker C-reactive protein (CRP) (day 1) was determined by the hospital central
laboratory using a immunoturbidometry assay (Roche Diagnostics, USA) according to
manufacturer’s instructions. The assay reports a range of 0.3-350 mg/L (Limit of de-
tection, LoD = 0.3 mg/L). TNF-«, IL-13, IL-6, and IL-8 were determined utilizing the
human proinflammatory 9-plex kit (Meso Scale Discovery (MSD), Meso Scale Diagnostics,
Rockville, USA).

The Sequential Organ Failure Assessment (SOFA) score calculates the number and
the severity of organ dysfunction in six organ systems (respiratory, coagulation, liver,
cardiovascular, renal, and neurologic) to predict ICU mortality [37,38].

2.3. Microbiology

The main organism causing sepsis was defined as the presence of a positive bacte-
rial or viral identification in any sample taken from 72 h preceding recruitment to 72 h
following admission to the ICU captured using the hospital’s electronic microbiology
patient database. The microbiological techniques used in the study hospital for diagnostics
included standard microscopy and culture, viral PCR studies, and urine Legionella antigen
testing. Advanced bacterial identification systems such as PCR or Matrix Assisted Laser
Desorption/Ionization (MALDI-TOF) based techniques were not used.

One independent intensive care doctor and one independent microbiologist were
consulted to confirm that any given positive result would be appropriate when considering
the clinical context and other supporting clinical results. This was adjudicated with
full access to patients’ clinical notes, electronic clinical results and a discussion with the
clinical consultant intensivist responsible for the patients’ care. Culture results considered
contaminations were excluded from further analysis. Patients with no relevant positive
results were classed as culture-negative. Infections were then grouped into Gram-positive
and Gram-negative species.

2.4. Statistical Analysis

Data was tested for normal distribution according to D’ Agostino and Pearson. Mann—
Whitney U test was used to analyze not normally distributed data and unequal variances
t-test for normally distributed data of unequal sample size, as appropriate. We assessed
correlations between parameters using the Spearman Rho’s correlation test. A result was
considered to be significant at p < 0.05. To determine survival from data time points, we
generated Kaplan—Meier curves. To determine sensitivity and specificity of the IgM test,
receiver operating characteristic (ROC) curves were plotted and the respective areas under
the curve were calculated. Youden’s ] index was independently calculated using Microsoft
Excel 2010 to determine the maximum ] index to select the optimum cut-off point for the
diagnostic test. All analyses were performed using GraphPad prism8.00 for Windows
(GraphPad Software, La Jolla, CA, USA).

3. Results

We recruited 47 patients with sepsis and 11 patients with non-infective origin of organ
dysfunction (SIRS) during the study period. All patients in the sepsis group were treated
with broad-spectrum antibiotics according to local antimicrobial policy and microbiology
advice whilst none of the SIRS patients were treated with antimicrobials on ICU admis-
sion. Piperacillin/tazobactam, gentamicin, metronidazole, clarithromycin and meropenem
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was used in the majority of cases either as a monotherapy or a combination. Baseline
characteristics of the patients are presented in Table 1.

Table 1. Comparison of patient characteristic, outcome, plasma biomarker levels and site of infection

in sepsis and SIRS.
Sepsis n =47 SIRSn =11 p Value

Age 63 (54-71) 42 (34-65) 0.03

Gender (male/female) 23/24 2/9 -
ICU days 8 (4-17) 6 (3-22) 0.59
Hospital days 27 (15-66) 20 (15-26) 0.25

ICU mortality 16/47 (34%) 1/11 (9%) -
APACHE 1I score 17 (14-21) 12 (9-21) 0.29
SOFA Day 1 15 (13-17) 14 (3-15) 0.02
SOFA Day 5 13 (9-15) 8 (6-12) 0.01

Plasma markers

IgM (ug/mL) 193 (120-310) 331 (236-581) 0.03
IgM (survivor) 181 (117-298) 370 (243-650) 0.002

IgM (non-survivor) 242 (154-350) 92 m=1) -

CRP (ng/mL) 213 (130-300) 28 (9-72) 0.0001
Site of Infection

Abdominal 17 (40%) - -

Respiratory 15 (36%) - -

Urinary tract 5 (12%) - -

Soft tissue 5 (12%) - -

Data is presented as frequency (%) or median and interquartile range, (IQR) as appropriate. An unpaired non-
parametric Mann-Whitney U test was used to determine the p value. ICU: Intensive care unit; APACHE II: Acute
Physiology and Chronic Health Evaluation Score II; SOFA: Sequential Organ Failure Assessment score; IgM:
Immunoglobulin M; CRP: C-reactive protein.

Whereas the SIRS cohort differed significantly in age and sex distribution, we could
see no effect on ICU or hospital days nor APACHE II score. SOFA score appeared to be
lower in the SIRS cohort at day 1 and particularly at day 5. IgM levels were significantly
reduced in the sepsis, but not in the SIRS cohort.

Microbiological findings included the identification of Klebsiella oxytoca, Staphylo-
coccus aureus, Staphylococcus epidermidis, Streptococcus pneumoniae, Escherichia coli,
Enterobacter asburiae, Enterobacter cloacae, Enterococcus faecalis, Pseudomonas aerugi-
nosa, Haemophilus influenzae. Two patients had positive PCR for Influenza A virus, both
of them had also Streptococcus pneumoniae infection.

While we observed a statistically significant difference for IgM levels between sepsis
and SIRS overall (p = 0.03), no significant difference in IgM levels was determined between
sepsis survivors and non-survivors (p = 0.3132), and could not be established for SIRS
patients due to low numbers.

3.1. Comparison of Plasma Immunoglobulin M (IgM) Levels in Sepsis, SIRS and Healthy Controls

IgM levels in sepsis patients were significantly decreased compared to SIRS (p = 0.03)
and healthy controls (p < 0.0001) with a median and interquartile range of 193 pug/mL
(120-310) for sepsis patients (n = 47), 331 ug/mL (236-581) for SIRS patients (n = 11), and
326 ng/mL (238-420) for healthy controls (1 = 48) (Figure 1A). There was no statistically
significant difference in IgM between sepsis survivors and non-survivors (p = 0.31) but
sepsis survivors compared with SIRS survivors (p = 0.002) (Figure 1B and Table 1).
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Figure 1. IgM levels in sepsis and SIRS groups. (A) IgM levels are decreased in sepsis compared
with SIRS (p = 0.03) and with healthy controls (p < 0.0001). (B) IgM levels are not significantly
different in sepsis survivors compared to non-survivors (p = 0.31), but differed for sepsis survivors
compared with SIRS survivors (p = 0.002). (C) IgM levels are not significantly different in gram
positive, negative or culture-negative sepsis (p = 0.31), nor for (D) survivor, or (E) non-survivors.
Boxes represent medians and inter quartile ranges, whiskers represent range. Individual values are
overlayed on the plots. P values * p < 0.05, ** p < 0.01, ** p < 0.001 were determined by one-way
ANOVA and Mann Whitney test. SIRS: Systemic inflammatory response syndrome.

3.2. Comparison of Plasma Immunoglobulin M (IgM) Levels in Severe Sepsis According to
Gram-Status

The Gram status could be determined in 28 patients, with 15 identified with a Gram-
positive and 13 with a Gram-negative infection. 16 patients were CN (no infectious
pathogen identified). The characteristics of 28 CP (combined Gram-positive and negative)
patients and 16 CN patients are described in Table 2.

We observed no age difference when comparing CP and CN patients. Gender was
unevenly distributed, with more females in the CN cohort. A significant difference in
ICU length of stay (LOS) was observed, with shorter ICU LOS in the CN sample cohort
(p = 0.02). However, hospital LOS was not significantly different between the two groups.
There were differences in IgM levels when we compared CP and CN sepsis survivors and
non-survivors. However, this remained a statistically non-significant trend, as a result
of data distribution. Further, CRP was further reduced in the CN cohort. Patients with
positive microbiology (CP) had longer ICU stay, with no difference in admission APACHE
IT or SOFA scores.

There was no significant difference in IgM levels between culture-positive and culture-
negative patients (Figure 2A).

3.3. Comparison of Plasma Immunoglobulin M (IgM) Levels in Sepsis According to
Culture-Negative or Positive Status

When comparing all culture-positive (combined Gram-positive and negative, CP,
n = 28) to culture-negative (CN) samples (1 = 16), with a calculated prevalence of 60%
and 34%, respectively, no significant difference in IgM was observed 188 ug/mL (119-279)
versus 166 ug/mL (114-297, p = 0.78) (Figure 2B). We then compared the IgM levels of
culture-negative sepsis patients to SIRS patients (p = 0.025) and identified a significant differ-
ence particularly between SIRS patients and culture-negative sepsis survivors (p = 0.0055)
(Figure 2C).
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Table 2. Comparison of severe sepsis patient characteristic, outcome, plasma biomarker levels and
site of infection.

Culture-Positive (CP)  Culture-Negative (CN) p

n=28 n=16 Value
Age 62 (54-69) 65 (49-76) 0.68
Gender (male/female) 16/11 4/10 -
ICU days 13 (5-22) 6 (3-10) 0.02
Hospital days 31 (15-66) 22 (13-42) 0.53
ICU outcome 26% mortality 29% mortality 0.99
APACHE 1I score 19 (15-21) 16 (13-23) 0.56
SOFA Day 1 15 (13-17) 14 (12-17) 0.57
SOFA Day 5 12 (9-15) 13 (12-14) 0.60
Plasma markers
IgM (ug/mL) 188 (119-279) 166 (114-297) 0.78
IgM (survivors) 222 (118-312) 124 (112-189) 0.14
IgM (non-survivors) 181 (129-240) 310 (151-364) 0.18
CRP (ng/mL) 231 (143-304) 145 (23-280) 0.07
Site of Infection
Abdominal 12 (42%) 5 (36%) 0.98
Respiratory 10 (36%) 5 (36%) 0.76
Urinary tract 3 (11%) 2 (14%) 0.20
Soft tissue 3 (11%) 2 (14%) 0.40

Data is presented as frequency (%) or median and interquartile range, (IQR) as appropriate. An unpaired non-
parametric Mann-Whitney U test was used to determine the p value. ICU: Intensive care unit; APACHE II: Acute
Physiology and Chronic Health Evaluation Score II; SOFA: Sequential Organ Failure Assessment score; IgM:
Immunoglobulin M; CRP: C-reactive protein.
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Figure 2. IgM levels in the sepsis groups. (A) IgM levels are not significantly different in culture-
positive compared with culture-negative sepsis (p = 0.78), nor for (B) culture-positive or negative sur-
vivors compared with non-survivors. (C) IgM levels were significantly different comparing culture-
negative sepsis and SIRS (p = 0.025) and culture-negative sepsis survivors and SIRS (p = 0.0055). No
significant differences in IgM levels were observed when comparing sepsis (D) site of infection, nor
for (E) culture-positive or (F) culture-negative site of infection. Boxes represent medians and inter
quartile ranges, whiskers represent range. Individual values are overlayed on the plots. P values
*p <0.05, " p < 0.01, were determined by one-way ANOVA and Mann Whitney test.
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3.4. Correlation between Clinical Parameters and IgM Levels

We correlated relevant and available clinical parameters with IgM levels using Spear-
man correlation. IgM levels did not correlate with albumin (r = 0.058, p = 0.73), or immune
markers TNF«x (r = —0.027, p = 0.86), IL-1 (r = 0.1292, p = 0.91), IL-6 (r = —0.1615, p = 0.30),
or IL-8 (r = —0.0209, p = 0.89) in the sepsis cohort. Comparing culture-positive versus
negative sepsis, Table 3 summarizes significant (p < 0.05) correlations between plasma
IgM levels.

Table 3. Spearman non-parametric correlation (r) of IgM levels with SOFA scores and plasma
biomarkers in culture-positive and negative sepsis patients.

IgM Correlation  Culture-Positive (CP) p Value Culture-Negative (CN)  p Value

SOFA day 1 r=-023(n=22) 0.29 r=—0.608 (n = 11) 0.04
SOFA day 5 r=0.17 (n = 23) 0.41 r=—0.707 (n = 10) 0.01
CRP r=—052(n=27) 0.004 r=023 (n=16) 0.38

SOFA: Sequential Organ Failure Assessment score; IgM: Immunoglobulin M; CRP: C-reactive protein. For
statistical analysis Spearman’s Rho test was used. We observed a statistically significant correlation of IgM levels
with SOFA score in the CN (d1, p = 0.04; d5 p = 0.01), but not CP patients. IgM levels correlated with CRP in the
CP patients (p = 0.004), but not in the CN cohort.

3.5. Diagnostic Evaluation of IgM Levels in Culture-Positive and Negative Samples

We used Kaplan—-Meier curves to determine the survival in sepsis patients over ICU
stay (days) for IgM levels < or >266 ug/mL cut-off. Median survival was 17.4 days
for IgM < 266 png/mL and for IgM > 266 pg/mL survival exceeded 50% at the longest
time point; therefore, median survival could not be defined (Figure 3A). We found no
significant statistical difference (p = 0.8607); however, a trend was observed until about
day 14, which then disappeared due to cross-over of the survival curves. Number at
risk was determined for IgM < 266 ug/mL at t(days): t0(18), t7(11), t14(6), t21(2), t28(1),
and for IgM > 266 ug/mL at t(days): t0(18), t7(9), t14(5), t21(2), and t28(1). Comparing
survival curves of IgM levels for CP with CN patients, we identified significantly increased
survival in the CP patients with a median survival of 21.8 days, compared to 14.2 days
for CN patients (p = 0.02) with a median survival ratio of 1.535 (95% CI of ratio: 0.4122
to 5.717). The corresponding number at risk for CP patients was t(days): t0(21), t7(13),
t14(9), t21(4), t28(1), and for CN t(days): t0(12), t7(5), t14(5), t21(1), and t28(0) (Figure 3B).
Receiver operating characteristic (ROC) curves were plotted comparing IgM in sepsis
with healthy controls and the respective areas under the curve (AUC) was AUC = 0.73
(95% confidence interval (CI): 0.6278 to 0.8314, p = 0.0001) with a 70% sensitivity and
69% specificity at cut-off <266 pg/mL and a positive predictive value (PPV) of 7.9% and
negative predictive value (NPV) of 92.4% calculated for an estimated average incidence
of 780/100,000 (Figure 3C). AUC for distinct culture-positive and negative patients was
AUC = 0.77 (CP, 95% confidence interval (CI): 0.6647 to 0.8777, p < 0.0001; PPV 5.7%, NPV
97.1%, 288 nug/mL cut-off) and AUC = 0.79 (CN, 95% confidence interval (CI): 0.6558 to
0.9189, p = 0.0005; PPV 2.3%, NPV 96.4%, 232 ug/mL cut-off), respectively (Figure 3D).
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Figure 3. Survival and discrimination ability based on IgM levels in sepsis. (A) Kaplan-Meier
survival curve based on IgM levels; (B) Kaplan-Meier survival curve based on culture positive or
negative status. (C,D) Receiver operating characteristic curve for IgM levels comparing sepsis with
healthy controls. AUC: area under the curve.

4. Discussion

The aim of this pilot study in a small cohort of patients with sepsis was to evaluate the
association between IgM plasma levels and survival in sepsis and SIRS, and to explore the
feasibility of this analysis in larger cohorts. Our study assessed IgM levels in sepsis and
SIRS patients and showed no correlation between the main pro-inflammatory cytokines
TNFe, IL-1, IL-6, and IL-8 with IgM. IgM levels were lower in the sepsis group when
compared to SIRS and healthy controls. We could not find any difference in IgM levels
between culture-positive and culture-negative sepsis patients. However, we have observed
higher IgM levels in culture-negative non-survivors, and a significant difference between
culture-negative sepsis patients and SIRS.. Our results should be put into context of several
similar sized observational studies.

We found, that decreased plasma IgM is likely independent of the cytokine storm seen
in sepsis. Further, no correlation between IgM and albumin suggests that hemodilution is
unlikely the cause of lowered IgM we see in our sepsis cohort, which has also been observed
by Bermejo-Martin et al. [27]. Clinical studies have found that the immune response in
sepsis plays an important role [4]. A delicate balance between the hosts inflammatory and
anti-inflammatory response is essential for sepsis recovery [4,39]. It has been shown that
increased pro-inflammatory cytokine levels such as TNFx and IL-6 levels correlate with
poor outcome in sepsis; however, their routine clinical utility remains questionable [4,40].
It has recently become much more apparent that sepsis mortality is not only linked to an
uncontrolled pro-inflammatory response, but to immunosuppression [4]. The classic sepsis
immunology postulated that the cytokine-mediated hyper-inflammatory phase is followed
by a subsequent immune-suppressive phase [41,42]. However, recent investigations in-
cluding ours on the same patient population revealed that immunosuppression is also
apparent in the acute phase of sepsis and it could be reversed by targeting the effector cells
of the human immune system [4,30,43]. We observed significantly lower IgM levels in our
sepsis patients confirming findings of other authors and this could reflect the extent of
immunosuppression in this cohort [14,15,27,29].
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Our findings of low IgM in sepsis versus SIRS supports the results of previous studies,
including Tamayo et al. [15], who reported a protective role of IgG1, IgM and IgA against
mortality in postsurgical patients with septic shock. Venet et al. [14] showed a significant
reduction in IgM in septic shock patients at day 1, which recovered within normal range
at day 5. Giamrellos-Bourboulis et al. [28] also reported decreased IgM in patients with
septic shock compared to those with systemic inflammatory response syndrome or severe
sepsis. Bermejo-Martin et al. [44] showed that the combined presence of low levels of the
endogenous immunoglobulins IgG1, IgM and IgA in plasma is associated with reduced
survival in patients with severe sepsis or septic shock. A recent meta-analysis summarizing
these findings showed that reduced IgM are associated with decreased sepsis survival [45].
All of our patients had multi-organ failure, with significant cardiovascular impairment as
evidenced by the SOFA scores. Nonetheless, most studies did not analyze the potential
influence of immunoglobulin levels in further stratified populations of Gram-positive or
negative sepsis and culture-positive (CP) versus negative (CN) sepsis, which is documented
inconsistently. We showed that in culture-positive (combined Gram-positive and negative,
CP) compared to culture-negative (CN) samples, no difference in IgM was observed. While
a recent systematic review and meta-analysis found no association of mortality with CP
or CN [46], we observed that IgM levels differed in CN survivors versus non-survivors
in our cohort, but did not reach statistical signficance. Non-survivors had significantly
raised IgM levels, similar to SIRS (survivors) and the Kaplan—-Meier analysis revealed the
association of increased mortality in CN patients. These data indicate that there may be
a difference in the pathophysiology of CP versus CN sepsis linked to mortality; and also
between CN sepsis and SIRS. However, there are no mechanistic studies to date explaining
IgM kinetics in sepsis. It becomes apparent that low IgM cannot necessarily be attributed
to generic sepsis mortality, but is influenced by factors such as the presence of an infecting
organism. It is difficult to characterize the relative contributions of altered Ig production,
impaired endothelial recycling, and Ig consumption for opsonization in sepsis, due to
the lack of a well-characterized regulatory loop for Ig homeostasis [47]. A very recent
study on a similar patient population to ours suggested, that activation-associated B-cell
death is partly responsible for the loss of IgM production in sepsis [31]. B-cell generated
IgM is crucial for bacterial clearance [22], while lymphocyte exhaustion is a mechanism of
immunosuppression in sepsis [30]. Low B cells levels may partly explain low IgM levels
overall, but do not distinguish between the differences we have seen between CN and
SIRS patients.

Secreted neutralizing antibodies are of central importance to the immune protection of
the host, acting as a first line of defense. A second line of defense are pathogen-experienced
memory B cells that are rapidly reactivated to produce antibodies (reactive humoral mem-
ory) [48]. There are two distinct types of memory B cells, including IgM memory B cells [21].
The lack of IgM memory B cells, independently from the cause of depletion, is associated
with increased susceptibility to encapsulated bacterial infection [49]. Recently, a study
found that lymphopenia present in 74.2% of sepsis patients was a result of selective de-
pletion of memory B cells, with greater apoptotic depletion of class-switched and IgM
memory cells [31]. This would result in a less efficient response to re-infection.

IgM alone may not be a rigorous predictor of survival on its own and should be
tested in conjunction with other biomarkers, as was suggested previously [27]. Overall,
as a diagnostic test, IgM has equivalent or better specificity and sensitivity for sepsis with
and AUC of 0.73 compared with CRP with varying AUC of 0.6-0.9 reported for severe
sepsis [37,50-52]. AUC for IgM in CN sepsis (AUC 0.79) was similar to the AUC in CP
(AUC 0.77) sepsis patients. Consistent with recently published data, we found that low
IgM levels were common in sepsis on day 1 [29]. These findings increase the external
validity of our results.

In conjunction, we believe that IgM level quantification has the potential to distinguish
patients with suspected sepsis as probable SIRS patients within a CN cohort (false-positives)
and emphasizes the need for more sensitive tests for occlusive organisms potentially
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undetected in the CN patients (false-negatives). Indeed, a recent study reported that
a third of 55% initially identified as CN severe sepsis was subsequently found to have
non-infectious mimics [53]. Further, atypical infections were found in 8% of the patients
in the CN patients [53]. Nevertheless, the persistent incidence of CN sepsis in multiple
studies emphasizes the need to better understand the relationship of immunoglobulins,
and particularly IgM, in CP versus CN patients [9,54-58]. Importantly, a similarly sized,
single center study, compared to ours, found about 40% of cases of severe sepsis to be CN,
whilst 36% of our patients never had a causative organism identified [10]. These findings
also increase the external validity of our results.

CRP was significantly reduced in CN patients, but higher than in SIRS patients. CRP
did correlate with IgM levels in the CP, but not in the CN patients. CRP is a well-known
and widely used marker for infection, despite its recognized drawbacks for specificity and
sensitivity [59]. It is the standard, readily available test in our center, used in daily clinical
practice. Whilst procalcitonin and other inflammatory cytokines have been proposed to
be better discriminators for sepsis, it is very likely that a multiplexed approach using
traditional and novel biomarkers could be more successful [60]. To our knowledge, no
other studies have looked at correlation of CRP and IgM levels in adult sepsis. Our data
indicate that there may be a functional difference between CP and CN sepsis and SIRS
patients, associated with different IgM levels.

There are some major limitations of the current study. First the number of patients
recruited is low, as the study was designed as an exploratory pilot. Therefore, our results
should be viewed with caution and would need to be confirmed in larger datasets, recruit-
ing patients preferably using the new Sepsis-3 clinical criteria, divided into CP and CN
groups. Although our inclusion criteria were based on the Sepsis-1 definitions, all of our
patients fulfilled the Sepsis-3 criteria as well, in fact they all exhibited signs of multi-organ
failure based on their SOFA scores. Second, we had low numbers of SIRS samples. This was
a result of recruitment difficulties due to our stringent exclusion criteria. Other studies used
out-of-hospital cardiac arrest as a model of SIRS, however recent data indicates that these
patients indeed manifest a “sepsis-like” immunological response [61]. Another limitation
is the observed trend towards a high female to male ratio in both the SIRS and the CN
cohort. This is particularly relevant when comparing SIRS to CN sepsis patients, where
we have seen the most significant differences in IgM levels. It has been reported that IgM
levels are higher in females than in males [62-64], however, we did observe a significant
difference in IgM between the high female frequency SIRS and CN cohort, concluding
this effect to be gender independent. There was also a significant age difference between
the SIRS and sepsis groups. Severe organ dysfunction of non-infectious origin such as
acute severe asthma, major trauma, drug overdose and burns usually affects a different
age-group as opposed to sepsis, and this is reflected in our results [65]. Due to a lack of
data from previous studies, it is impossible to ascertain if this difference played any role
in our findings. However, IgM levels have been found to be age and sex dependent in
healthy individuals [63]. Whilst the SOFA scores were also lower in the SIRS group, this
statistically significant difference is clinically irrelevant: all patients in both groups had
multi-organ failure according to the original definition [38].

5. Conclusions

There is a clear lack of useful cohort stratification in sepsis pathology. Our findings
support the idea that the stratification into CP and CN sepsis patients, in addition to SIRS,
can be a useful tool to dissect distinct mechanisms. Identification of biomarkers such as
IgM that potentially distinguish a mechanism will be instrumental to further elucidate
sepsis pathology and to stratify immunoglobulin therapy by targeting likely responders.

We propose IgM and its role in early microbial clearance as a suitable biomarker that
can aid the distinction of sepsis and SIRS and potentially identify SIRS patients within the
culture-negative cohort.
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Given the small sample size of our study, a larger study is required to confirm these
pilot data, in particular the role of IgM in culture-negative sepsis pathology.
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