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A B S T R A C T

The morbidity and mortality of sepsis remain high. Clinicians lack effective markers to rapidly diagnose sepsis 
and identify the underlying pathogen infection particularly for patients with candidaemia or cases of culture- 
negative sepsis where culture-based diagnostics are inadequate. In our search for new lines of potential sepsis 
biomarkers, we here explore the impact of various classes of infectious agents on the serum N-glycome in a septic 
shock cohort. Comparative N-glycomics was performed on sera collected from 49 septic shock patients infected 
with viral (n = 9), bacterial (n = 37) or fungal (n = 3) pathogens using an established PGC-LC-MS/MS method. 
Aberrant serum N-glycosylation features were observed in patients with fungal infection relative to the other 
infection sub-groups including i) altered expression of prominent α2,6-sialylated biantennary N-glycan isomers, 
ii) elevated levels of IgG-type N-glycosylation and iii) a global shift in the serum N-glycome involving altered 
glycan type distribution and considerable changes in core fucosylation and α2,6-sialylation. Septic shock patients 
infected with bacterial and viral pathogens exhibited similar global serum N-glycome features and therefore 
could not be stratified based on their serum N-glycosylation. Subtle and less consistent serum N-glycome dif
ferences were observed between septic shock patients infected with different bacterial pathogens. In conclusion, 
our study has tested the impact of different pathogen classes on the serum N-glycome in a septic shock cohort, 
and reports that fungal infection impacts the host serum N-glycome differently compared to bacterial or viral 
infections thus potentially opening avenues for glycan-based biomarkers to better diagnose patients with 
candidaemia.

1. Introduction

Sepsis is the excessive host immune response to pathogen infection 
and often escalates into life-threatening septic shock. These serious 
conditions pose a major and still growing health concern accounting 
globally for ~20% of all reported deaths and consuming an equally 
significant proportion of health care resources [1,2]. Little progress has 
been achieved in recent decades in the treatment of individuals suffering 
from septic shock, leaving intensive care physicians with relatively few, 
and rather blunt, tools and untargeted intervention options to treat 
patients [3]. Accordingly, sepsis and septic shock sufferers experience 

dishearteningly high morbidity and mortality rates. Sepsis and septic 
shock require urgent clinical care due to the serious and time-sensitive 
nature of these conditions that can swiftly escalate and lead to rapid 
deterioration of otherwise healthy individuals [4]. Current 
culture-based identification methods to reveal causative pathogen(s) 
and conventional methods to establish disease severity are unacceptably 
slow and insensitive, hindering timely and effective treatment and pa
tient care [5]. Patients with fungal infection (candidaemia) are partic
ularly challenging to diagnose. There is therefore a clear need for more 
effective pathogen-specific sepsis markers.

Glycosylation of serum proteins is a dynamic process sensitive to the 
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underlying pathophysiology [6,7]. Advances in high-throughput glyco
mics have resulted in significant progress towards identifying 
disease-specific serum glyco-signatures [8,9]. Glycans are integral to the 
interactions between pathogens and host in the establishment of infec
tion, as well as the modulation of the immune response [10–12]. While a 
better understanding of the glycobiology underpinning host-pathogen 
interactions is important to unveil diagnostic and therapeutic targets 
for the clinical management of infection, many facets of host glycome 
response to infection remain unexplored.

Infection-driven aberrations of the IgG-glycome and serum N-gly
come were found to correlate with infection activity, severity and the 
immune response [13,14] and alternative N-glycosylation of the Fc 
portion of IgG is known to critically modulate the antibody effector 
functions [15]. For example, N-glycans of the Fc domain of IgG can 
report on disease states and discriminates active from latent Mycobac
terium tuberculosis infection [16]. In HIV infection, elevated sialylation 
levels of the Fc N-glycans of gp120-directed IgG is associated with 
HIV-non-progression and broadly neutralising antibody responses in 
children, offering insight into the importance of glycosylation in vaccine 
strategies [17]. Less is known about the serum N-glycome in the context 
of host infection, but, similar to the IgG glycosylation, specific 
infection-driven alterations have been identified. For example, glycome 
changes indicative of disease severity have been identified in severe 
SARS-CoV-2 infection with elevated sialylation of serum glycoproteins 
reportedly linked to complement activation [18] and in influenza 
infection where oligomannosidic N-glycans were associated with disease 
severity [19]. Just as serum glycome remodelling can act to promote 
inflammatory responses to infection, glycans also play key roles in host 
interactions with the microbiome. An example of this is the decreased 
complexity of serum N-glycans observed in association with successful 
faecal microbiota transplantation for severe Clostridioides difficile infec
tion [20]. Exploration of the glycome in infection has provided insights 
into the host immune response to infection and has highlighted the 
potential of quantitative glycomics in biomarker discovery.

The pathogenesis of septic shock and links to glycobiology remain 
poorly understood. Glycoprotein remodelling involving increased 
fucosylation and branching of alpha-1-antichymotrypsin, an acute phase 
reactant, was found to occur upon sepsis independently of protein 
concentration, but with notable inter-individual variation of the glyco
proteoform profile [21]. Global shifts in the serum glycome charac
terised by increased glycan complexity and branching have been 
identified as a conserved response to sepsis [13,22,23]. Glycoproteomic 
profiling of samples taken within six hours of patient admission to 
intensive care unit (ICU) found that serum glycosylation differ between 
sepsis survivors and non-survivors; alterations in glycoproteins related 
to cell adhesion, complement pathways and coagulation cascade sug
gested that early changes in glycoproteins impact detrimental inflam
matory processes that may contribute to outcome [23]. Beyond these 
scattered observations, the structural and functional modulation of the 
host serum glycome in sepsis are yet to be elucidated.

The impact of bacteraemia on host glycosylation has allowed iden
tification of glycome and glycoproteome signatures that vary according 
to the infecting pathogen [24,25]. We previously utilised comparative 
N-glycomics to demonstrate that the serum N-glycome can differentiate 
bacteraemic patients with relatively modest disease severity (without 
septic shock) from healthy controls and according to the infecting bac
terial organism [26]. Unsupervised hierarchical cluster analysis of 
serum N-glycome data effectively separated four bacteraemic patient 
groups (Staphylococcus aureus, Streptococcus viridans, Pseudomonas aer
uginosa, Escherichia coli) from healthy donors, suggesting the host gly
come may vary according to the infecting pathogen type. Similarly, 
investigation of the host glycoproteome utilising site-specific glyco
peptide analysis of serum from 91 patients, within 24 hours of presen
tation with infection, revealed 96 glycopeptides that differed between 
bacterial and viral infection [25]. Distinct glycoproteome signatures 
that could discriminate bacterial from viral infection were identified and 

were able to predict pathogen species in 65% of patients within the 
cohort. Collectively, these studies suggest that pathogen-driven alter
ations in the host-glycome responses may serve as a diagnostic infection 
marker.

Identification of biomarkers that exploit the host response to infec
tion is of particular interest in cases where culture-based diagnostics are 
limited by poor sensitivity due to low inoculum and prolonged time to 
detection such as for septic shock patients with candidaemia and other 
invasive fungal infections; or in cases of culture-negative sepsis. As 
opposed to diagnosis of infection by pathogen identification using cul
ture, antigen detection, or genomic testing, host-response biomarkers 
may be less liable to false-negative results because of empiric antimi
crobial use and false-positive results due to commensal microbes or 
sample contaminants. The human serum N-glycome has not been pre
viously studied in the context of candidaemia, nor has it been estab
lished if pathogen-specific glyco-signatures can be observed in the 
setting of septic shock. Here, the impact of different infecting pathogen 
classes on the serum N-glycome was explored in a septic shock patient 
cohort using comparative N-glycomics.

2. Materials and methods

2.1. Sample collection and ethics

This was a single centre, prospective observational cohort study 
investigating the relationship between serum N-glycome profiles in 
septic shock patients to the infecting pathogen subtype. Patients were 
recruited from the Royal Adelaide Hospital, Australia and were 
receiving noradrenaline for 6 to 48 h in the intensive care unit (ICU) for 
the management of septic shock. The study was conducted in accordance 
with the Declaration of Helsinki and approved by the Human Research 
Ethics Committee of Central Adelaide Local Health Network 
(R20160208 HREC/16/RAH/29). Participants or their legally author
ised next-of-kin were provided with written informed consent. When 
death occurred after enrolment and prior to consent, participants were 
included due to the study’s low-risk nature. Septic shock was diagnosed 
either clinically or microbiologically, with a sequential organ failure 
assessment (SOFA) score of ≥2 points. Exclusion criteria included 
pregnancy, expectation of death within 24 h, noradrenaline infusion for 
>48 h, known conditions that affect cortisol secretion including the use 
of corticosteroids for ≥3 months and disorders of the hypothalamic- 
pituitary-adrenal axis, or administration of steroids in the ICU for in
dications other than shock. Whole blood was collected and samples de- 
identified. Following centrifugation, sera were aliquoted and stored at 
-80◦C until use. The patient samples were accompanied by demographic, 
clinical and outcome data out to 90 days. The sera samples were pre
viously studied in another context [27].

2.2. Patient metadata

Patient data relevant to the hypotheses of this study were retro
spectively collected by review of the existing research data collected 
using the web-based Research Electronic Data Capture (REDCap) soft
ware (v11.0.2, Nashville, TN, USA) and the patients’ electronic medical 
record. For each patient, microbiological investigations were reviewed 
to allow an estimate of the significance of cultured organisms, and 
categorisation according to major infecting pathogen, either fungal, 
bacterial or viral. Patients were excluded in the study cohort if they had 
clinically diagnosed infection without confirmatory microbiology (cul
ture-negative sepsis), infection diagnosed by non-sterile site culture such 
as urine or wound swab without positive blood culture (inability to 
retrospectively determine significance of non-sterile site culture results), 
no serum sample available, or confirmed concurrent bacterial, fungal or 
viral infection.
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2.3. Cohort and sample collection

The study cohort included 49 participants with baseline character
istics outlined in Table 1. There were three subgroups; bacterial infec
tion as diagnosed by positive blood culture, which could be poly- or 
monomicrobial (n = 37), fungal infection as diagnosed by positive blood 
culture with growth of Candida species (n = 3), and respiratory viral 
infection diagnosed with positive nasopharyngeal respiratory viral PCR 
or serum viral PCR in absence of diagnosed fungal or bacterial infection 
(n = 9). There was significant heterogeneity within each group 
including the infection characteristics (different infecting organisms, 
anatomical focus of infection) and clinical factors (medications, 
comorbidities).

The bacterial cohort (n = 37) included monomicrobial bacteraemic 
patients (n = 35) with blood culture isolation of gram-positive type 
Staphylococcus aureus (n = 7), Coagulase-negative staphylococci (n = 3), 
Streptococcus spp (n = 8), Enterococcus spp. (n = 2) and Microaerophilic 
streptococcus (n = 1); and gram-negative type Pseudomonas aeruginosa (n 
= 3), E. coli (n = 8), Serratia marcescens (n = 1), Haemophilus influenzae 
(n = 1) and Klebsiella pneumoniae (n = 1). Additionally, there were two 
patients with polymicrobial bacteraemia (n = 2); one diagnosed with 
K. pneumoniae, P. aeruginosa and Enterococcus casseliflavus, the other 
with E. coli, E. gallinarum and K. pneumoniae. The fungal subgroup (n =
3) included candidaemia secondary to Candida glabrata (n = 2) or 
Candida dubliniensis (n = 1). The viral subgroup (n = 9) included res
piratory syncytial virus (n = 3), rhinovirus (n = 2), human meta
pneumovirus (n = 1), cytomegalovirus (n = 2) and influenza B virus (n =
1).

2.4. Comparative serum N-Glycomics

Comparative serum N-glycomics was performed using an established 
porous graphitised carbon liquid chromatography tandem mass spec
trometry (PGC-LC-MS/MS) method [28,29]. Briefly, proteins (50 μg) 
from each serum sample were reduced using 10 mM dithiothreitol (DTT) 
for 45 min at 56◦C, then alkylated using 25 mM iodoacetamide for 30 
min in the dark at 20◦C, and the reaction quenched using excess DTT. 
Proteins were then immobilised by dot blotting onto a primed poly
vinylidene fluoride membrane. The dried spots were stained with Direct 
Blue and transferred to a polypropylene 96-well plate, blocked with 1% 
(w/v) polyvinylpyrrolidone in 50% (v/v) methanol and washed with 
water. N-glycans were released from serum proteins using 2.5 U peptide: 
N-glycosidase F (PNGase F) per 50 μg protein in 25 μL water for 16 h at 
37◦C. Free N-glycans were hydroxylated by addition of 100 mM 
ammonium acetate, pH 5 for 1 h at 20◦C, reduced using 1 M sodium 
borohydride in 50 mM potassium hydroxide for 3 h at 50◦C, and the 
reaction quenched using glacial acetic acid. The N-glycans were desalted 
with strong cationic exchange resin, and then porous graphitised carbon 
(PGC) resin packed as micro-columns on top of C18 discs in P10 
solid-phase extraction (SPE) formats. The N-glycans were eluted from 

the SPE micro-columns using 0.05% trifluoroacetic acid: 40% acetoni
trile (ACN): 59.95% water (v/v/v) and dried. Prior to LC-MS/MS, the 
desalted N-glycans were reconstituted in 20 μL water, centrifuged at 14, 
000 x g for 10 min at 4◦C, and transferred into high recovery glass vials.

The N-glycans were quantitatively profiled using PGC-LC-MS/MS- 
based glycomics as described [30]. In brief, N-glycans were injected 
onto a heated (50◦C) HyperCarb KAPPA PGC-LC column (particle/pore 
size 3 µm/250 Å; column length, 30 mm; inner diameter, 0.18 mm) and 
separated over a 60 min linear gradient of 0–45% (v/v) of ACN (solvent 
B) in 10 mM ammonium bicarbonate (solvent A) on an Agilent 1260 
Infinity Capillary HPLC system. The separated N-glycans were ionised 
using electrospray ionisation and detected over an m/z range of 
570–2000 in negative ion polarity mode using a Thermo Velos Pro linear 
ion trap mass spectrometer. The source voltage was -2.75 kV. The 
automatic gain control (AGC) for the MS1 scans was 3 × 104 ions with a 
maximum accumulation time of 10 ms. For MS/MS, the AGC was 1 ×
104 ions, and the maximum accumulation time was 250 ms. Employing 
data-dependent acquisition, the five most abundant precursors in each 
MS1 scan were selected for MS/MS using resonance-activation colli
sion-induced dissociation (CID) at a fixed 33% normalised collision 
energy with an activation Q of 0.250, activation time of 10 ms and using 
precursor isolation windows of m/z 2.0. Dynamic exclusion was enabled 
with repeat counts set at a maximum of 1, repeat duration at 15 s, and 
exclusion duration at 15 s. Spectra were acquired in profile mode. To 
avoid potential systematic bias in the LC-MS/MS data collection, sam
ples were injected in a random order.

Mass spectral data was interrogated using Xcalibur v2.2 (Thermo 
Fisher Scientific) and Glycoworkbench v2.1 [31]. Glycans were manu
ally identified based on their monoisotopic precursor mass, MS/MS 
fragmentation pattern, and PGC-LC retention time as described [32,33]. 
Where possible, the fine structures of the N-glycan isomers were anno
tated including their monosaccharide compositions, topology/branch 
patterns (e.g. fucose position), and key glycosidic bonds (e.g. sialyl 
linkages). Glycan cartoons were drawn using SNFG nomenclature [34]. 
The relative abundance of individual glycans was determined by the 
area-under-the-curve of extracted ion chromatograms of each identified 
N-glycan as a proportion of the entire N-glycome using RawMeat v2.1 
(Vast Scientific) and Skyline (64-bit) v23.1.0.455 [33].

The quantitative serum N-glycomics datasets were subjected to 
principal component analysis (PCA) using partial least squares 
discriminant analysis (PLS-DA) that discovers latent variables (labelled 
as components, in this case, glycans), which maximise the separation 
between different predefined groups in the data. The PCA was per
formed with MetaboAnalyst 5.0. Unsupervised hierarchical clustering 
analysis was performed with Perseus [35] using Euclidean distance with 
average linkages. Differential glycan abundance in the subgroups were 
identified using Wilcoxon rank-sum test and unpaired two-tailed Stu
dent’s t-tests were performed using a confidence threshold of p < 0.05. 
Descriptive statistics of cohort characteristics were reported using me
dian and interquartile ranges (IQR).

3. Results

An established PGC-LC-MS/MS-based N-glycomics approach was 
applied to sera from a cohort of 49 septic shock patients spanning in
dividuals infected with bacterial (n = 37), fungal (n = 3) and viral (n =
9) pathogens, Table 1. The N-glycomics analysis identified a total of 54 
N-glycan isomers spanning 43 glycan compositions across the serum 
samples, Fig. 1. The strength of the applied PGC-LC-MS/MS approach is 
that glycan fine structural details such as glycan composition, topology/ 
branch points and glycosidic linkages can be determined for each glycan 
structure in the mixture while simultaneously obtaining quantitative 
information of the individual glycan structures that therefore can be 
compared between samples [28]. In line with knowledge of the serum 
N-glycome [26,36], the complex N-glycans spanning mostly sialylated 
and fucosylated bi- and tri-antennary structures were abundant in the 

Table 1 
Characteristics of the septic shock cohort. IQR: interquartile range.

Patient characteristic Fungal 
infection 
(n = 3)

Bacterial 
infection 
(n = 37)

Viral 
infection 
(n = 9)

Patient age - median years 
(IQR)

54 (49–55.5) 66.5 
(58.3–70.5)

73 (68–77)

Female – cases (%) 2 (67) 22 (75.9) 5 (55.5)
White cells - median (x109 

cells/L) (IQR)
5.65 
(3.6–14.7)

16.55 (9.5- 
19.7)

16.1 
(9.6–17.3)

Sampling relative to ICU 
admission 
– median days (IQR)

5 (5–6) 1 (1–1) 2 (1–2)

Sampling relative to pathogen 
identification 
– median days (IQR)

0 (-1 - 3.5) 1 (1–1) 0
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serum samples (~93–96%), while the oligomannosidic- (~3–5%) and 
hybrid-type (~1–2%) N-glycans were less abundant. Also consistent 
with the serum N-glycome literature [7], the serum N-glycans predom
inantly carried α2,6-sialylation (~60–70%) and core fucosylation 
(~30–50%) while the corresponding isomers exhibiting α2,3-sialylation 
(~10%) and antennary fucosylation (~2–4%) were less abundant as 
were the bisecting GlcNAc features (~5%), see Supplementary 
Table S1 for all tabulated serum N-glycome data.

The serum N-glycome data of the 49 patient samples were then 
explored for global differences. Unsupervised hierarchical clustering 
analysis of the entire serum N-glycome data partially separated patients 
with fungal infection from patients with bacterial or viral infection 
(Fig. 2A). In support, principal component analysis (PCA) of the same 
serum N-glycome data using partial least squares discriminant analysis 
(PLS-DA) fully separated patients with fungal infection from those with 
viral or bacterial infection (Fig. 2B). Being the principal contributor to 
the separation of the fungal group, component 1 of the PCA comprised 
10 glycans including Glycan 8, 4, 29, 10, 20b, 17, 3a, 5, 16, and 3 (see 
Fig. 1 for structures) indicating that a subset of the serum N-glycome is 
altered in fungal-infected sera. Closer interrogation of the data revealed 
that the serum N-glycome of fungal-infected septic shock patients 
exhibited slightly higher relative levels of oligomannosidic- and 
concomitantly less complex-type N-glycans (both p < 0.01) than the two 
other infection sub-groups (Fig. 2C). On the global level, core fucosy
lation was found to be elevated (p < 0.01) and α2,6-sialylation reduced 
(p < 0.05) in the serum N-glycome of patients infected with fungal 
pathogens compared to those with bacterial and viral infections 
(Fig. 2D-E). Other glycan features (i.e. antennary fucosylation, α2,3- 

sialylation, bisecting GlcNAcylation) were not altered across infection 
groups.

To further detail the N-glycome shifts upon fungal infection, we 
surveyed the expression of the individual serum N-glycans across the 
infection sub-groups. The distribution of the serum N-glycan isomers 
appeared visibly different in the fungal subgroup relative to the bacterial 
and viral subgroups (Fig. 3A). Out of the 54 N-glycan isomers observed 
in septic shock sera, the relative abundance of 14 (~25%) and 21 
(~40%) structures were found to be altered in patients with candidae
mia compared to those with viral and bacterial infection, respectively 
(Supplementary Table S1). Amongst these were three abundant 
complex-type biantennary N-glycan isomers (Glycan 23a, 20b and 7b) 
all carrying α2,6-sialylation (Fig. 3B and Supplementary Figure S1- 
S3). Glycan 23a, a biantennary non-core fucosylated N-glycan capped 
with two α2,6-linked sialic acid residues was dramatically reduced while 
the related Glycan 20b carrying a single α2,6-linked sialic acid residue 
and core fucosylation was elevated in fungal-infected sera (all p < 0.01) 
(Fig. 3C-D). ROC analyses of Glycan 23a and Glycan 20b provided near- 
perfect stratification between patients with fungal and viral/bacterial 
infection (AUC: 0.962–1). Despite not consistently reaching signifi
cance, another biantennary glycan carrying two α2,6-linked sialic acid 
residues and core fucosylation (Glycan 7b) was also elevated in fungal- 
infected sera. The differential expression of these three high abundance 
serum N-glycans across the infection groups are therefore major con
tributors to the raised core fucosylation and reduced α2,6-sialylation 
observed in the serum N-glycome of patients with candidaemia (Fig. 2D-
E).

A subset of the serum N-glycans exhibited features suggesting an 

Fig. 1. Map of the N-glycan isomers identified in septic shock sera. Identifiers used in this study (Glycan 1–43) have been assigned to each unique glycan 
compositions while a, b, c, d denote unique glycan isomers within each glycan composition. The glycan structural features including the branch patterns and 
glycosidic linkages were elucidated and annotated or left unassigned (brackets) in case of structural ambiguity. See key for symbol and linkage nomenclature [34].
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immunoglobulin G (IgG) origin including the so-called G0, G1, G2 
structures and their corresponding isomers with core fucosylation and 
bisecting GlcNAcylation (Fig. 4A). With the exception of Glycan 13 and 
38, the entire set of these IgG-type N-glycan isomers (11/13, ~85%) was 
more abundant in fungal-infected sera than in viral- and bacterial- 
infected sera that overall appeared similar (Fig. 4B). Collectively, this 
analysis indicate that IgG-type N-glycans are generally elevated in septic 
shock patients with fungal infection compared to the other infection 
classes.

Finally, we focused on the large subset of septic shock patients 
infected by a single bacterial pathogen. Recapitulating findings from our 
previous study showing that the serum N-glycome differ in bacteraemic 
patients infected with different bacterial pathogens [26], the serum 
N-glycome data partially separated the septic shock patients according 
to infecting bacterial sub-groups (Supplementary Figure S4). While 

not achieving complete stratification, particularly P. aeruginosa (n = 3), 
E. coli (n = 8) and S. aureus (n = 7) showed tendencies to group when 
using an unsupervised hierarchical clustering analysis of the entire 
serum N-glycome data demonstrating that different types of bacterial 
classes impact the host serum N-glycome differently.

4. Discussion

This study has found that the serum N-glycome of patients with 
fungal infection (candidaemia) differ compared to those with bacter
aemia and viral infection both at a whole serum N-glycome level, and for 
specific N-glycan features (core fucosylation, α2,6-sialylation) and spe
cific N-glycan isomers (e.g. biantennary sialo-N-glycans and IgG-type N- 
glycans). Amongst the septic shock patients infected by a single bacterial 
pathogen, minor and less consistent serum N-glycome differences were 

Fig. 2. The serum N-glycome of fungal-infected septic shock patients differ from patients with bacterial and viral infection. A) Unsupervised hierarchical 
clustering analysis of the serum N-glycomics data of the entire septic shock cohort (n = 49) including patients with bacterial infection (grey, n = 37), fungal infection 
(also referred to as candidaemia, red, n = 3), and viral infection (salmon, n = 9). B) PCA of the same serum N-glycome data using PLS-DA with default settings and 10 
variables/component. Comparison of C) N-glycan type distribution, and the global level of D) core fucosylation and E) α2,6-sialylation between fungal, viral and 
bacterial infected septic shock patients. For all bar graphs, mean and SD are plotted. Statistical tests were performed using two-tailed t-tests. *, p < 0.05; ** p < 0.01.
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Fig. 3. Fungal infection alters the levels of prominent sialo-N-glycan isomers in septic shock. A) Distribution of the mean relative abundances of the 54 N- 
glycan isomers identified in septic shock sera across the three infection subgroups (fungal, bacterial, viral pathogens). Glycan identifiers are annotated for the 
prominent N-glycan isomers (see Fig. 1 for structures and Supplemental Table S1 for tabulated serum N-glycome data). B) Dominant sialo-N-glycan isomers 
displaying altered expression upon fungal infection. See insert for key [34] and Supplementary Figure S1-S3 for spectral evidence of the three N-glycan structures. 
Comparison of the relative abundance level of Glycan 23a, 20b and 7b in serum from fungal-infected versus C) viral- and D) bacterial-infected septic shock patients. 
For all graphs, mean and boxes indicating 1st and 3rd quartile range are plotted as are the individual data points. ROC plots and AUC values are provided. Statistical 
tests were performed using two-tailed t-tests. Significance (p) have been stated for each analysis.
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observed between sub-groups infected with different types of bacterial 
pathogens.

The mechanism(s) underlying the remodelling of the host serum N- 
glycome observed in patients with candidaemia is unknown, but may be 
directly due to alternative glycosylation of serum proteins resulting from 
host-candida interactions or indirectly due to alterations in the serum 
proteome resulting from the host response to infection e.g. synthesis of 
new serum glycoproteins from alternative tissue origins or selective 
removal/degradation of specific serum glycoproteoforms. Supporting 
that alterations occur in the serum proteome, a recent study performed 
transcriptomics of the host response to candidaemia by RNA sequencing 
of circulating leukocytes and demonstrated a conserved and unique 
response that could distinguish patients with candidaemia from those 
with viral, bacterial, or non-infective aetiologies of systemic inflam
mation [37]. Most upregulated genes in the setting of candidaemia were 
those involved in the immune response to fungal infection including T 
cell signalling, heme biosynthesis and neutrophil activation. Whilst the 
host glycome response to fungal infection has not been previously 
investigated, C. albicans cell wall mannoprotein-derived N-glycans were 
found to contribute to immune evasion in a sepsis mouse model through 
host dectin-2 recognition and IL-10 induction with resultant down
regulation of proinflammatory cytokines [38]. The recognition of 
pathogen-derived N-glycans by the host immune system exemplifies the 
significance of glycans in host-pathogen interactions which are likely to 
influence the serum glycome in the setting of fungaemia.

The raised IgG-type N-glycans in fungal-infected serum suggest 
either a relatively higher level of serum IgG protein or a higher glyco
sylation site occupancy of serum IgG in patients with candidaemia 
relative to levels in other infection classes. Clinical measurements of IgG 
levels are not usually measured in patients with septic shock leaving us 
unable to assess the relative total IgG levels across the patient subgroups 
from the accompanying pathology data. The literature exploring IgG 
levels and the humoral immune response in sepsis is limited, but sug
gests that IgG levels are heterogenous in septic shock cohorts [39]. 
Related to the host immunoglobulin response, anti-mannan antibody 
detection has been used for the detection of invasive candidiasis [40], 
albeit such tests suffer from variable performance and low sensitivity 
and specificity [41]. Combining the anti-mannan antibody detection 
with measurements of beta-D-glucan and mannan levels were reported 
to improve the performance of the detection method [42]. IgG against 
Candida enolase and fructose-bisphosphate aldolase has also been found 
to distinguish fungal infection from other pathogens and healthy 

controls [43]. These antibody responses may be detectable early some
times before positive blood culture. In contrast, organism-specific anti
body responses are not used in the diagnosis of acute bacteraemia and 
organism-specific IgG may be lower in patients with bacteraemia who 
progress to sepsis. Streptococcus pyogenes produces endoglycosidases that 
deglycosylate IgG Fc as an immune evasion mechanism [44,45]. Low 
S. aureus-directed IgG at diagnosis of S. aureus-induced bacteraemia has 
been correlated with progression to sepsis [46]. Low S. aureus 
glycan-specific IgM (not IgG) was found in patients with 
S. aureus-induced bacteraemia and correlated with mortality and 
impaired opsonisation [47]. Taken together, a body of literature is 
available supporting a host IgG response to candidiasis that differ from 
the response to other types of infection, and therefore may contribute to 
the elevated IgG-type N-glycosylation observed in fungal-infected sera. 
The observed suppression in the relative levels of α2,6-sialylation in the 
serum N-glycome of patients with candidaemia may simply be a 
consequence of an elevation in serum IgG known to carry low levels of 
sialylation [48]. At this stage, it also cannot be ruled out that candida is 
able to produce fungal sialidases that may directly lower the sialylation 
level of serum glycoproteins similar to sialidases produced by 
P. aeruginosa [49].

Our previous study reporting that the serum N-glycome patterns 
differ according to the bacterial pathogen sub-class in bacteraemic pa
tients pre-progression to septic shock [26] were partially recapitulated 
in this cohort of septic shock patients. Alternative glycosylation of serum 
proteins resulting from the inflammatory milieu of septic shock may 
overwhelm the more subtle glycome differences that occur as a result of 
specific pathogen-host interactions ahead of progression to septic shock. 
Unique serum N-glycome patterns were not seen when comparing the 
viral and bacterial infection subgroups at a whole glycome level. Un
diagnosed bacterial infection in the cohort of patients classified with 
viral infection is probable given their clinical diagnosis of septic shock 
and may have contributed to the lack of observable differences across 
these two infection sub-groups.

Our study has several limitations. There was considerable hetero
geneity within the study cohort including patient demographics, clinical 
characteristics (comorbidities, medications), and features of infection 
(anatomical focus of infection) all which may have influenced the serum 
N-glycome and confounded the results of this study. The small candi
daemia subgroup reflects the challenge of obtaining such clinical sam
ples. Potential confounders in the candidaemia subgroup include lower 
baseline white cell count, the timing of sample collection following ICU 

Fig. 4. Elevated IgG-type N-glycans in serum of fungal-infected septic shock patients. A) Overview of the IgG-type N-glycans surveyed in this analysis spanning 
G0, G1 and G2-type structures with and without bisecting GlcNAc and core fucosylation. See Fig. 1 for symbol and linkage nomenclature [34]. B) Relative abundance 
(mean) of each IgG-type N-glycan observed in the serum N-glycome of septic shock patients infected with fungal (n = 3), viral (n = 9) and bacterial (n = 37) 
pathogens. Glycan identifiers have been provided, see structures in panel A. *zoom region enabling a closer look at the lower abundance IgG-type N-glycans.
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admission and poor correlation between timing of serum sample 
collection and blood culture positivity (candidaemia group: day +7, -2 
and 0 from blood culture positivity). Investigations in larger cohorts of 
patients with candidaemia and serially collected sera over time are 
required to validate if, how and when the serum glycome is differentially 
affected by the infecting pathogen class and to determine if the observed 
changes are unique to candidaemia. Finally, pathogen identification was 
performed at the time of patient admission and reviewed daily during 
ICU stay and retrospectively based on clinical findings, cultured path
ogen data, ICU and ID physician notes/opinions. While false pathogen 
identification cannot be ruled out for some cases, the risk of incorrect 
assignment was mitigated by exclusion of patients with septic shock 
where infection was diagnosed by a non-sterile site culture.

Despite providing deep and quantitative insight into the serum N- 
glycome, PGC-LC-MS/MS-based N-glycomics remains a laborious 
approach with manual annotation of data hence currently limiting 
population-wide profiling efforts. We were therefore restricted to rela
tively small numbers of patients within each pathogen infection group 
resulting in a low statistical power preventing us to observe aberrations 
in the serum N-glycome correlating to patient characteristics and adjust 
for confounding factors. Powered by the emergence of (semi-)automated 
glycan annotation software (e.g. Byos, Protein Metrics) future efforts 
employing larger patient cohorts are warranted to confirm observations 
reported herein. Parallel glycoproteomic analysis [50] could provide 
important orthogonal insights into the protein carriers and glycosylation 
sites of the serum N-glycans yet was outside the scope of this study.

5. Conclusions

Aberrant expression of specific N-glycan isomers as well as a global 
shift in the serum N-glycome was observed in septic shock patients with 
candidaemia, as compared to those with bacterial or viral infection. This 
observation may aid the investigation of timely pathogen-specific 
immunopathogenesis in sepsis and in the development of host 
response-based diagnostic assays for candidaemia or other invasive 
fungal infections where existing diagnostic methods lack sensitivity and 
pathogen identification from culture is often prolonged.
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