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Abstract

Purpose Despite antifungal prophylaxis following liver transplantation (LTX), patients are at risk for the development of
subsequent opportunistic infections, such as an invasive fungal disease (IFD). However, culture-based diagnostic procedures
are associated with relevant weaknesses.

Methods Culture and next-generation sequencing (NGS)-based fungal findings as well as corresponding plasma levels of B-D-
glucan (BDG), galactomannan (GM), interferon gamma (IFN-y), tumor necrosis factor alpha (TNF-«), interleukin (IL)-2, -4, -6,
-10, -17A and mid-regional proadrenomedullin (MR-proADM) were evaluated in 93 patients at 6 consecutive time points within
28 days following LTX.

Results A NGS-based diagnostic approach was shown to be suitable for the early identification of fungal pathogens in patients
following LTX. Moreover, MR-proADM and IL-17A in plasma proved suitable for the identification of patients with an IFD.
Conclusion Plasma measurements of MR-proADM and IL-17A as well as a NGS-based diagnostic approach were shown to be
attractive methodologies to attenuate the weaknesses of routinely used culture-based diagnostic procedures for the determination
of an IFD in patients following LTX. However, an additional confirmation within a larger multicenter trial needs to be
recommended.

Trial registration German Clinical Trials Register: DRKS00005480.

Keywords Candida spp. - Aspergillus spp. - Next-generation sequencing - Interleukin-17A - 3-D-glucan - Mid-regional
proadrenomedullin
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Introduction

Liver transplantation (LTX) is a routinely used therapeutic
option for patients with end-stage liver diseases (ESLDs).
Due to improvements in medical care within the last years,
the outcome of patients following LTX has steadily improved.
These efforts are mainly due to the use of better immunosup-
pressive drugs [1]. However, the improved efficacy of newly
developed immunosuppressive drugs is associated with an
increased risk for invasive fungal diseases (IFDs) [2, 3].
Patients suffering from an IFD are hallmarked by a signifi-
cantly increased mortality [3, 4]. In this context, Candida
albicans, Candida glabrata, and Aspergillus fumigatus are
of most relevance [5, 6]. The attributed mortality for IFDs
ranges from 10 to 67% in the case of Candida spp. [7-10]
and up to 80% in the case of invasive aspergilloses (IA) [11,
12]. However, routinely used culture-based diagnostic proce-
dures are associated with relevant weaknesses, since blood
cultures often remain negative despite the presence of an
IFD [13, 14]. Hence, in patients with persistent leucocytosis
or fever despite broad-spectrum antimicrobial therapy, the
presence of an IFD needs to be taken into account.
Moreover, a high fungal burden at non-sterile body sites or
in drainages may support the diagnosis of an IFD most fre-
quently caused by Candida spp. [15]. The diagnosis of an IFD
caused by molds (e.g., Aspergillus spp.) is even more difficult,
since the EORTC/MSG definitions were developed for hema-
tological patients and presentation of IA or other IFD might be
different in other populations [16, 17]. These diagnostic pro-
cedures are time-intensive and may result in a delay until an
antifungal therapy is initiated [16, 18, 19]. The value of poly-
merase chain reaction (PCR)-based diagnostic procedures re-
mains unclear [18]. Moreover, the value of biomarkers, such
as plasmatic B-D-glucan (BDG) and galactomannan (GM), in
bronchoalveolar lavage fluid (BALF) or plasma for the diag-
nosis of an IFD is limited due to high rates of false-positive
test results [20-22]. The poor performance of these bio-
markers can be explained by patients’ characteristics, such
as the use of B-lactam antibiotics, renal replacement therapy,
transfusions, and gastrointestinal translocations [20]. In order
to prevent opportunistic IFDs, an antifungal prophylaxis is
applied in most cases [23, 24]. Unfortunately, these drugs
are not effective in all cases and are associated with relevant
side effects [25, 26]. Moreover, interleukins 10 and 17A, as
well as mid-regional proadrenomedullin (MR-proADM) have
recently been shown to be of potential value for the diagnosis
of an IFD in patients suffering from septic shock [27].
However, the diagnostic value in patients following LTX has
not been investigated yet.

The aims of this study were, therefore, (1) to assess the
cumulative incidence of an IFD as well as to determine its
influence on patients’ outcome, (2) to compare character-
istics of patients with and without an IFD, (3) to evaluate
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the additional benefit of a next-generation sequencing
(NGS)-based diagnostic approach, and (4) to assess the
diagnostic value of B-D-glucan (BDG), galactomannan
(GM), interferon gamma (IFN-y), tumor necrosis factor
alpha (TNF-w), interleukins (IL)-2, -4, -6, -10, -17A and
mid-regional proadrenomedullin (MR-proADM) in pa-
tients following LTX.

Materials and methods
Study design

The observational clinical study was approved by the lo-
cal ethics committee (Ethics Committee of the Medical
Faculty of Heidelberg, Trial Code No. S-098/2013/
German Clinical Trials Register DRKS00005480) and
conducted in the surgical intensive care unit of the
Heidelberg University Hospital, Germany, between
February 2014 and March 2016. All study patients gave
written informed consent. In total, 93 patients suffering
from an ESLD undergoing orthotopic LTX were enrolled
in this study, representing the only inclusion criterion.
Missing written consent and age below 18 years were
defined as exclusion criteria. The treatment of patients
was based on the Heidelberg Manual for LTX [28].
Plasma samples for NGS-based diagnostics and the differ-
ent biomarker measurements were collected directly after
LTX (TO) and 1 day (T1), 2 days (T2), 7 days (T3),
14 days (T4), 21 days (T5), and 28 days (T6) thereafter.
Additionally, blood cultures were taken at TO, T3, T4, and
T6. Relevant baseline data (demographic data, primary
site of infection), clinical data (disease severity scores,
such as Simplified Acute Physiology (SAPS II) score,
Sequential Organ Failure Assessment (SOFA) score, and
Acute Physiology Health Evaluation (APACHE 1) score,
surgical procedures, antifungal therapy, outcome parame-
ters) and routine infection parameters (leukocytes, C-
reactive protein (CRP), procalcitonin (PCT), body temper-
ature) were also collected. The primary endpoint of this
study was to assess the cumulative incidence of an IFD in
patients following LTX by the use of a multifaceted ap-
proach. Apart from culture-based microbiological proce-
dures, the additional benefit of a next-generation sequenc-
ing (NGS)-based diagnostic approach, as well as the di-
agnostic value of B-D-glucan (BDG), galactomannan
(GM), interferon gamma (IFN-y), tumor necrosis factor
alpha (TNF-«), interleukins (IL)-2, -4, -6, -10, -17A,
and mid-regional proadrenomedullin (MR-proADM) for
the diagnosis of an IFD in patients following LTX was
assessed. The influence of an IFD following LTX on pa-
tients’ outcome was defined as a secondary endpoint.
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Moreover, characteristics of patients with and without an
IFD following LTX were compared.

Group definitions

Candida spp. in the respiratory tract or in fluids from drain-
ages were classified as colonization. Positive results in blood
cultures, intraoperative swabs, and Aspergillus spp. in deep
respiratory tract specimens with accompanying pulmonary
infiltrates characteristic of an 1A were classified as infection.

Detailed information about immunoassays, flow cytometry
analyses, and microbiological are presented in the
Supplementary Digital Content (SDC) S1 and described else-
where [27].

NGS-based diagnostics
Plasma preparation and nucleic acid isolation

Plasma was prepared from blood samples by centrifuga-
tion for 10 min at 292 xg and 4 °C, snapped frozen, and
stored at —80 °C until further processing. Nucleic acids
were isolated from thawed plasma after a centrifugation
step of 5 min at 16,000 xg at 4 °C with the QIAsymphony
sample preparation (SP) instrument (Qiagen) and the
QIAsymphony DSP Circulating DNA Kit following the
manufacturer’s protocol. To ensure preparation from equal
volumes of 1000 ul, 1200 pl starting volume of plasma
was loaded per sample. The following were variations
from the protocol: if plasma volumes were below
1000 pl after centrifugation, the respective samples were
excluded from the analysis. Nucleic acids were eluted in
60 pl of molecular biology-grade water (5 Prime,
Germany). Contamination controls were prepared follow-
ing the same procedure, starting from 1200 pl of molec-
ular biology-grade water (5 Prime, Germany). The cfDNA
was quantified with the Qubit dsDNA HS Assay Kit (Life
Technologies), and quality was assessed with the HS NGS
Fragment Analysis Kit and the Fragment Analyzer instru-
ment (AATI).

Preparation of NGS libraries and sequencing

Library preparation and sequencing were carried out as
previously described [29] from 1 ng cfDNA using the
Nextera XT library preparation kit (Illumina), with a
Biomek FXP liquid handling robot (Beckman Coulter).
Sequencing of the libraries was performed on a
HiSeq2500 (Illumina), resulting in 20 million 100-bp sin-
gle end reads, on average, per sample.

Bioinformatics

Bioinformatics processing, classification, and SIQ score
calculation were carried out as described previously
[29]. Seven control samples of liver transplant patients
directly following liver transplantation and 1 day later
were available to serve as the control population.
Species hits were excluded according to the following
criteria: (a) taxonomy in RefSeq database does not show
a clear species assignment; (b) hit is a phage; (c) bacterial/
viral hits with less than ten or fungal hits with less than
two normalized counts; (d) p value above 0.05; (e) hits
belong to known contaminant genus according to Salter
and colleagues [30], except SIQ score above 500 and spe-
cies previously described as a pathogen (labeled with con-
taminant tag a); (f) species counts in more than 50% of all
samples detected according to the complete investigated
cohort, except SIQ score above 500 and species previous-
ly described as a pathogen (labeled with contaminant tag
b); (g) all hits from Ralstonia pickettii, because they show
a SIQ score of 500 or above in more than 25% of the
samples according to the complete investigated cohort.

Statistical analyses

The resulting data were entered into an electronic data-
base (Excel 2010; Microsoft Corp., Redmond, USA) and
evaluated using SPSS software (Version 24.0; SPSS, Inc.,
Chicago, USA). Figures were drawn using GraphPad
Prism (GraphPad Software, La Jolla, USA). Categorical
data were summarized using absolute and relative fre-
quencies. Quantitative data were summarized using medi-
an with quartiles. The Kolmogorov—Smirnov test was ap-
plied to check for normal distribution. Due to non-
normally distributed data, non-parametric methods for
evaluation were used (Chi-square test for categorical data,
Mann—Whitney U test for continuous data). Appropriate
cut-off values for the detection of an IFD were calculated
using ROC analyses. A p value less than 0.05 was con-
sidered statistically significant. Concerning symbols and
higher orders of significance, the following were utilized:
* for p<0.05, ** for p<0.01, and *** for p <0.001.

Results

Patients’ characteristics

In total, 93 patients were included in this study. Patients’ char-
acteristics are presented in Table 1, whereas detailed informa-

tion about the perioperative course of the patients is presented
in Table 2.
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Table 1  Patients’ characteristics
Parameter Unit All patients With fungal isolates Without fungal isolates p for patients
n=93) (n=23) (n=70) without
fungal isolates vs.
with fungal isolates
Male 58 (62.0%) 11 (47.8%) 47 (67.0%) 0.080
Age (years) 52 (42-58) 52 (40-59) 52 (44-58) 0.883
BMI (kg/m?) 25.5(23.0-29.9)  25.7 (23.4-29.9) 25.5(23.0-29.8) 0.718
MELD score 18.0 (11.0-28.0)  32.0 (20.0-37.5) 16. (10.-21.3) 0.001%*
Causes of liver cirrhosis
Alcohol 27 (29.0%) 7 (30.4%) 20 (28.6%) 0.530
Hepatitis B 6 (6.5%) 2 (8.7%) 4 (5.7%) 0.463
Hepatitis C 10 (10.8%) 1 (4.3%) 9 (12.9%) 0.234
HCC 25 (26.9%) 7 (30.4%) 18 (25.7%) 0.424
PSC 16 (17.2%) 4 (17.4%) 12 (17.1%) 0.601
PBC 5 (5.4%) 2 (8.7%) 3 (4.3%) 0.361
NASH 7 (7.5%) 0 (0.0%) 7 (10.0%) 0.127
Others 20 (21.5%) 5(21.7%) 15 (21.4%) 0.592
Need for catecholamines before 3(3.2%) 3 (13.0%) 0 (0.0%) 0.014*
LTX
NYHA 0-1 90 (96.8%) 22 (95.7%) 68 (97.1%) 0.578
Diabetes mellitus 18 (19.4%) 3 (13.0%) 15 (21.4%) 0.290
Arterial hypertension 28 (30.1%) 5(21.7%) 28 (28.6%) 0.133
Coronary heart disease 10 (10.8%) 2 (8.7%) 8 (11.4%) 0.926
Chronic obstructive lung disease 7 (7.5%) 2 (8.7%) 5(7.1%) 0.590
Smoker 21 (22.6%) 6 (26.1%) 15 (21.4%) 0.830
Renal insufficiency 20 (21.5%) 6 (26.1%) 14 (20.0%) 0.376
Pre-existing ARF 10 (10.8%) 5 (21.7%) 5(7.1%) 091
Pre-existing thrombosis 18 (19.3%) 8 (34.8%) 10 (14.3%) 0.092
Neurological disorder 43 (46.2%) 13 (56.2%) 30 (42.9%) 0.327
High-urgency 32 (34.4%) 5(21.7%) 27 (38.6%) 0.109
Re-LTX 16 (17.2%) 7 (30.4%) 9 (12.9%) 0.057
Immunosuppressive medication
Corticosteroids 93 (100%) 23 (100%) 70 (100%) -
Mycophenolat mofetil 92 (98.6%) 23 (100%) 69 (96.6%) 0.731
Ciclosporin 39 (41.9%) 10 (43.5%) 29 (41.4%) 0.495
Tacrolimus 54 (58.1%) 13 (56.5%) 41 (58.6%) 0.495

Data are presented either as number (with the corresponding percentage value) or as median (with accompanying quartiles (Q1-Q3)).

BMI, body mass index; MELD, model of end-stage liver disease; HCC, hepatocellular carcinoma; PSC, primary sclerosing cholangitis; PBC, primary
biliary cirrhosis; NASH, non-alcoholic fatty liver disease; NYHA, New York Heart Association; ARF, acute renal failure; LTX, liver transplantation

Concerning symbolism and higher orders of significance: p < 0.05: *, p <0.01**

Fungal pathogens and infection sites

As assessed by culture-based diagnostic procedures, 23
patients (24.8%) revealed fungal isolates in different spec-
imens within the 28-day observation period, whereas 70
patients (75.2%) were found to be negative for fungal
isolates (Fig. 1). Fungal isolates were found in single
and multiple locations in 20 (87.0%) and 3 (13.0%)
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patients, respectively, and were located at the following
sites: respiratory tract (n=10; 43.5%), abdominal site
(n=10; 43.5%), blood culture (n=2; 8.7%), and one sin-
gle case of a disseminated Rhizopus microsporus infection
(n=1; 4.3%) (double-naming feasible; Fig. 1).
Preoperative bilirubin levels as well as corresponding
MELD scores were significantly increased in patients with
fungal isolates in comparison to those patients without any
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Table 2  Details of the ICU and hospital stay

Parameter Unit All patients (n =93)  With fungal Without fungal p for patients without
isolates (n =23)  isolates (n =70) fungal isolates vs.
with fungal isolates

APACHE I 27.0 (17.0-32.0) 29.0 (21.5-34.5)  25.0(17.0-31.0)  0.072
SOFA™ 13.0 (7.0-15.0) 15.0 (10.0-17.5)  11.5 (5.0-15.0) 0.013*
SAPS* 52.0 (30.0-69.0) 61.0 (44.0-78.0)  43.5(25.8-68.5) 0.012*
Time of mechanical Ventilation (days) 1(1-4) 2 (1-13) 1(1-3) 0.0027%%*
Tracheostomy 11 (11.8%) 8 (34.8%) 3 (4.3%) 0.000%*
Hospital stay before LTX (days) 1.0 (1.0-7.0) 7.0 (1.0-21.5) 1.0 (1.0-1.0) 0.002%*
ICU stay (days) 13.0 (8.0-24.) 22.0 (12.5-40.5)  11.5(8.0-20.0) 0.021*
Hospital stay (days) 34.0 (25.0-52.0) 45.0 (27.0-65.0)  32.0 (24.3-50.0)  0.138
90-day survival 73 (78.5%) 13 (56.5%) 60 (85.7%) 0.005%%*
28-day survival 86 (92.8%) 20 (87.0%) 66 (94.3%) 0.232
ALF after LTX 14 (16.1%) 7 (30.4%) 9 (11.4%) 0.057
AREF after LTX 31 (33.3%) 12 (52.2%) 19 27.1%) 0.027*
Dialysis

Directly after LTX 6 (6.5%) 4 (17.0%) 2 (2.9%) 0.030%*

In time course 27 (20.0%) 14 (60.1%) 13 (18.6%) 0.000%*
BDA 22 (23.7%) 6 (26.1%) 16 (22.9%) 0.565
Duration of surgery (min) 347 (289-405) 375 (340-405) 332 (285-409) 0.049*
Intraoperative blood loss (L) 3(1.5-44) 3 (1.6-7.6) 2.6 (1.4-4.0) 0.040*
Rejection 20 (21.5%) 6 (26.1%) 14 (20.0%) 0.364
Administration of

PRBC (n.o.p.) 67 (72.0%) 21 (91.3%) 46 (65.7%) 0.028*

FFP (n.o.p.) 75 (80.6%) 22 (95.7%) 53 (75.7%) 0.008*

Platelets (n.o.p.) 66 (70.9%) 18 (78.3%) 48 (68.6%) 0.013*
Perforation of the intestine or stomach 4 (4.3%) 3 (13.0%) 1 (2.5%) 0.045%*
BDA-insufficiency (patients with BDA; n =22) 5(22.7%) 3 (50.0%) 2 (12.5%) 0.095
Stenosis of the bile duct 9 (9.7%) 3 (13.0%) 6 (15.0%) 0.391
Leakage of the bile duct 10 (10.8%) 2 (8.7%) 8 (11.4%) 0.138
Need for surgical intervention 44 (47.3%) 18 (78.3%) 26 (37.1%) 0.001*
Vascular complications 13 (14.0%) 3 (13.0%) 10 (14.3%) 0.594
Need for endoscopic diagnostics 13 (14.0%) 5 (21.7%) 8 (11.4%) 0.184

Data are presented either as number (with the corresponding percentage value) or as median (with accompanying quartiles (Q1-Q3)).

APACHE 1I score, Acute Physiology And Chronic Health Evaluation score; SOFA, Sequential Organ Failure Assessment score; SAPS, Simplified
Acute Physiology score; ICU, intensive care unit; LTX, liver transplantation; ARF, acute renal failure; ALF, acute liver failure; BDA, biliodigestive
anastomosis; n.o.p., number of patients; PRBC, packed red blood cells; FFP, fresh frozen plasma, * calculated at the first day after LTX

Concerning symbolism and higher orders of significance: p <0.05: *, p <0.01*%*, p <0.001%***

fungal findings (bilirubin: median 9.4 mg/dl (Q1 1.7 mg/dl-
Q3 28.4 mg/dl) vs. 2.95 mg/dl (1.2-8. 5 mg/dl) — p =0.014*/
MELD score: 32 (20.0-37.5) vs. 16 (10.0-21.3) - p =
0.001%*) (Table 1). Moreover, in patients with fugal isolates,
allogenic blood products were administered more frequently
during LTX in comparison to patients without fungal isolates
(fresh frozen plasma (FFP): 22 patients (95.7%) vs. 53 pa-
tients (75.7%) — p = 0.008*/packed red blood cells (PRBC):
21 (91.3%) vs. 46 (65.7%) — p=0.028*, platelets: 18
(78.3%) vs. 48 (68.6%) — p =0.013*) (Table 2). Apart from

that, patients with fungal isolates were shown to be more
seriously ill following LTX, proven by a prolonged need for
mechanical ventilation, a higher incidence of acute renal fail-
ures (ARF), a longer ICU stay, as well as significantly in-
creased discase severity scores and a reduced survival at
90 days (Table 2).

Based on the group definitions, patients with fungal isolates
(n=23) were defined to be fungally colonized in 13 cases,
whereas an IFD was present in 10 patients. A detailed descrip-
tion of the identified fungal pathogens is given in Table 3,
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Fig. 1 Identification of fungal
pathogens in patients following n=93

Liver transplantation

——ﬁ Culture based standard diagnostics

LTX (n=93)

whereas patients’ characteristics as well as a summary of
the antifungal treatment concept are given in Table 4 and
SDC S2 (including Table T1). Patients suffering from an
IFD were shown to have a significantly increased need for
mechanical ventilation, suffered from an ARF more fre-
quently, and revealed a significantly decreased 90-day
survival (Table 5). Conversely, both subgroups did not
differ significantly with respect to the need for allogenic
blood products (Table 5).

NGS-based microbiological diagnostics

Analogous to the previously described NGS methodology
[29], we calculated SIQ scores, including modified fungal
SIQ scores for each time point and compared it to the clinical
microbiology data within the observation period of 28 days.

No fungal isolates
n=70 (75.2%)

Fungal isolates
n=23 (24.8%)

Candida Blood stream infection
n=2 (8.7%)

Rizophorus microsporus infection
n=1 (4.3%)

Fungal infection
n=10 (43.5%)

Aspergillus detection in
respiratory specimen
n=7 (30.4%)

Respiratory colonization
n=1(4.3%)

Fungal colonization
n=13 (56.5%)

Abdominal colonization
n=9 (39.2%)

Multiple colonization
n=3(13.1%)

Within this manuscript, we would like to present detailed data
of two exemplary cases, describing the suitability of a NGS-
based diagnostic approach for the detection of an IFD in two
different scenarios:

(1) Confirmation of candidemia by fungal SIQ score.
Patient L89 suffered from candidemia, as confirmed
by a positive blood culture at TO. Fungal SIQ score
revealed C. albicans at days 1, 2, 7, and 14 after
LTX, confirming candidemia up to 14 days after
LTX. A detailed description of the patient’s course
is given in Fig. 2a and SDC 4.

(2) Detection of an IFD by fungal SIQ score even in patients
which have so far been classified as colonized based on
culture-based diagnostic procedures. Due to restrictions,
including the limited sensitivity of culture-based

Table 3  Detailed fungal findings

Invasive fungal disease (n = 10) Colonization (n =13)

Fungemia Invasive Disseminated Tracheal Abdominal Abdominal Bile Urine

aspergillosis secretion wound swab drainage fluid

Candida albicans 2 0 0 2 3 2 2 2
Candida glabrata 0 0 0 1 0 2 1 1
Candida spp. 0 0 0 0 0 1 0 3
Candida norvegensis 0 0 0 0 0 1 0 0
Candida dublinensis 0 0 0 0 0 1 0 0
Aspergillus spp. 0 7 0 0 0 0 0 0
Rhizopus 0 0 1 0 0 0 0 0

microsporus

Data are presented as numbers. Double-naming feasible
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Table 4 Characteristics of
patients with an IFD or with a Parameter Unit Fungal Fungal p for patients fungal
fungal colonization infection colonization infections vs.
(n =10) n=13) patients
with colonization
Male gender 2 (20.0%) 9 (69.2%) 0.026*
Age (years)  48.0 54.0 (45.0-60.0) 0410
(34.5-57.5)
BMI kgm?®) 256 27.3(23.0-29.1) 0.648
(23.9-31.0)
MELD score 28.5 32.0 (14.0-37.0) 0.738
(21.5-37.3)
Causes of liver cirrhosis
Alcohol 3 (30.0%) 3(23.1%) 0.663
Hepatitis B 1 (10.0%) 1 (7.7%) 0.692
Hepatitis C 0 (0.0%) 1 (7.7%) 0.565
HCC 2 (20.0%) 5 (38.5%) 0.313
PSC 1 (10.0%) 3 (23.1%) 0.404
PBC 2 (20.0%) 0 (0.0%) 0.178
NASH 0 (0.0%) 0 (0.0%)
Others 1 (10.0%) 4 (30.8%) 0.251
Need for catecholamines before 2 (20.0%) 1(7.7%) 0.398
LTX
NYHA 0-1 1(10.0%) 2 (15.4%) 0.602
Diabetes mellitus 1 (10.0%) 2 (15.4%) 0.602
Arterial hypertension 2 (20.0%) 3(23.1%) 0.314
Coronary heart disease 1 (10.0%) 1 (7.7%) 0.712
Chronic obstructive lung disease 1 (10.0%) 1(7.7%) 0.692
Smoker 3 (30.0%) 3 (23.1%) 0.441
Renal insufficiency 2 (20.0%) 4 (30.8%) 0.463
Pre-existing ARF 2 (20.0%) 3 (23.1%) 0.663
Pre-existing thrombosis 5 (50.0%) 8 (61.5%) 0.057
Neurological disorder 7 (70.0%) 6 (46.2%) 0.112
High-urgency 2 (20.0%) 3(23.1%) 0.633
Re-LTX 3 (30.0%) 4 (30.8%) 0.663
Immunosuppressive medication
Corticosteroids 10 (100%) 13 (100%) -
Mycophenolat mofetil 10 (100%) 13 (100%) -
Ciclosporin 4 (40.0%) 6 (46.2%) 0.552
Tacrolimus 6 (60.0%) 7 (53.8%) 0.552

Data are presented either as number (with the corresponding percentage value) or as median (with accompanying

quartiles (Q1-Q3)

BMI, body mass index; MELD, model of end-stage liver disease; HCC, hepatocellular carcinoma; PSC, primary
sclerosing cholangitis; PBC, primary biliary cirrhosis; NASH, non-alcoholic fatty liver disease; NYHA, New
York Heart Association; ARF, acute renal failure; LTX, liver transplantation

Concerning symbolism and higher orders of significance: p <0.05: *

diagnostics, some patients might be falsely classified as
colonized despite the presence of an IFD. Accordingly, a
more sensitive and reliable diagnostic procedure would
be of value in order to minimize false-negative test re-
sults. Patient L74 (Fig. 2b and SDC 4) was classified as
being colonized (as assessed by culture-based diagnos-
tics in drainage fluid at 21 days after LTX), although

calculation of the SIQ score clearly revealed signs for
an IFD caused by an infection with C. albicans already
at day 0 and day 1 after LTX. Knowledge of these NGS-
based results might have led to a change in antifungal
therapy, which might have been of relevance for the pre-
sented patient. The patient further developed an infection
with Pseudomonas aeruginosa and Klebsiella
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Table 5 Details of the ICU and hospital stay for patients with fungal isolates
Parameter Unit Fungal infection (n = 10) Fungal colonization (n = 13) p for patients fungal
infections vs.
patients with colonization

APACHE II'* 30.5 (26.5-34.8) 29.0 (21.0-34.0) 0.563
SOFA™ 16.0 (13.5-18.8) 15.0 (10.0-16.0) 0.648
SAPS* 64.0 (56.5-78.5) 60.0 (40.0-74.0) 0.257
Time of mechanical ventilation (days) 14.0 (3.0-19.0) 1.5 (1.0-2.8) 0.012*
Tracheostomy 6 (60.0%) 2 (15.4%) 0.037*
Hospital stay before LTX (days) 4 (1-13) 10 (1-31) 0.410
ICU-stay (days) 31.5(14.3-46.3) 21.0 (12.0-25.0) 0.376
Hospital stay (days) 47.0 (34.0-51.0) 43,0 (26.5-71.3) 0917
90-day survival 2 (20.0%) 11 (84.6%) 0.003%*
28-days survival 7 (70.0%) 13 (100%) 0.068
ALF after LTX 5 (60.0%) 2 (7.7%) 0.092
AREF after LTX 9 (90.0%) 3 (23.1%) 0.0027%*
Dialysis

Directly after LTX 1 (10.0%) 3(23.1%) 0.712

In time course 5 (50.0%) 4 (30.8%) 0.306
BDA 2 (20.0%) 3(23.1%) 0.633
Duration of surgery (min) 382.5 (375.0-403.8) 360.0 (325.0-420.0) 0.563
Intraoperative blood loss (L) 2.5(2.0-6.3) 3.3(1.5-7.6) 0.771
Administration of

PRBC (n.0.p.) 10 (100%) 11 (84.6%) 0.308

FFP (n.o.p.) 10 (100%) 12 (92.3%) 0.565

Platelets (n.o.p.) 7 (70.0%) 11 (84.6%) 0.367
Rejection 2 (20.0%) 4 (30.8%) 0.463
Perforation of the intestine or stomach 2 (20.0%) 1(7.7%) 0.398
BDA-insufficiency (in patients with BDA) 1 of 2 (50.0%) 2 of 3 (66.7%) 0.602
Stenosis of the bile duct 1 (10.0%) 2 (15.4%) 0.602
Leakage of the bile duct 1 (10.0%) 1(7.7%) 0.355
Need for surgical intervention 9 (90.0%) 9 (69.2%) 0.251
Vascular complications 3 (30.0%) 0 (0.0%) 0.068
Need for endoscopic diagnostics 4 (40.0%) 1(7.7%) 0.089

Data are presented either as number (with the corresponding percentage value) or as median (with accompanying quartiles (Q1-Q3)

APACHE 1I score, Acute Physiology And Chronic Health Evaluation score; SOFA, Sequential Organ Failure Assessment score; SAPS, Simplified
Acute Physiology Score; ICU, intensive care unit; LTX, liver transplantation; ARF, acute renal failure; ALF, acute liver failure; BDA, biliodigestive
anastomosis; n.o.p., number of patients; PRBC, packed red blood cells; FFP, fresh frozen plasma, * calculated at the first day after LTX

Concerning symbolism and higher orders of significance: p <0.05: *, p <0.01: **

pneumoniae, as confirmed by cultivation of drainage

fluids, blood culture as well as SIQ scores.

(1,3)-B-D-glucan

BDG measurements remained below the critical cut-off
value of <80 pg/ml in all subgroups of patients, so that
plasma levels of BDG proved unsuitable for early identi-
fication of an IFD following LTX (Fig. 3).

Galactomannan

Measurements of BDG did not differ significantly be-
tween patients with an invasive fungal disease (IFD) and
those with a fungal colonization. Moreover, most of the
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Plasmatic GM revealed positive test results in 12 patients
without any culture-based fungal findings. In these 12
cases, increased plasma concentrations of GM were most
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probably attributable to the underlying antibiotic therapy
(e.g., piperacillin/tazobactam), which is well known to be
associated with increased GM concentrations [31, 32].
Moreover, plasmatic GM was shown to be increased
above the plasmatic cut-off>0.5 only in 3 out of 7 pa-
tients with an IA. Conversely, concentrations of GM in
BALF were increased beyond the cut-off of > 1.0 in all
seven cases with proven A (data not shown).

Inflammation and infection marker levels

Plasma levels of acute phase proteins (e.g., C-reactive protein
(CRP) or procalcitonin (PCT)), leukocytes as well as general
inflammation marker levels (such as IL-2, TNF-«) in patients
without any fungal isolates, suffering from a fungal coloniza-
tion or an IFD, are presented in SDC S3.

IL-17A was shown to be significantly increased in patients
suffering from an IFD following LTX in comparison to (1)
patients without any fungal findings at T1 and T2 and (2)
patients with a fungal colonization at T1 (Fig. 4a).
Therefore, IL-17A was found to be a suitable marker for early
identification of patients at high risk for the development of an
IFD as assessed by receiver-operating characteristic (ROC)
analyses (ROC area under the curve (AUC) for patients with
an IFD vs. non-infected patients (i.e., patients without any
fungal isolates + colonized patients) e.g., at T1: AUC =
0.792; cut-off 16.41 pg/ml — Sens. 1.000; Spec. 0.530; at
T2: AUC =0.742; cut-off 19.71 pg/ml — Sens. 0.900; Spec.
0.630) (Fig. 4b). No significant differences could be observed
with regard to the causing pathogen (Aspergillus spp. vs.
Candida spp.) within the group of patients suffering from an
IFD.

The same holds true for plasma levels of MR-proADM,
which were shown to be significantly increased in infected
patients in comparison to both colonized patients as well as
those patients without any fungal findings at several time
points within the 28-day observation period (Fig. 5a).
Accordingly, MR-proADM was shown to be a suitable tool
for the identification of patients with an IFD as assessed by
ROC analyses (ROC AUC for patients with an IFD vs. non-
infected patients, e.g., at TO: AUC = 0.776; cut-off 2.84 nmol/
1 — Sens. 0.889; Spec. 0.544; at T3: AUC =0.895; cut-off
4.90 nmol/l — Sens. 0.889; Spec. 0.860; at T4: 0.893; cut-
off 6.29 nmol/l — Sens. 0.889; Spec. 0.930) (Fig. 5b).

Discussion

Within this clinical investigation, a NGS-based diagnostic ap-
proach and plasma measurements of MR-proADM and/or IL-
17A were shown to add value for a comprehensive, reliable,
and fast diagnosis of an IFD in patients following LTX.

Incidence, risk factors, and outcome relevance of IFDs
following LTX—an everyday problem
in transplantation centers

Due to the intake of immunosuppressive drugs and the asso-
ciated reduced immunocompetence [33, 34], patients follow-
ing LTX are at high risk of colonization or fungal infections
with C. albicans, C. glabrata, and Aspergillus spp. [5, 35]. In
case of fungal findings, patients were shown to be more seri-
ously ill and, therefore, hallmarked by a reduced long-term
survival [36, 37], often combined with a reduced kidney func-
tion [38—40]. Moreover, transfusion of allogenic blood prod-
ucts is closely linked to the risk of developing an IFD [35],
which can also be supported by the presented investigation.
The need for re-transplantation, presence of a respiratory fail-
ure, preoperative intake of steroids, insulin-dependent hyper-
glycemia during ICU stay, hepatic artery thrombosis, and he-
patic vein complications represent further risk factors for the
development of an IFD following LTX [39-42], of which
none were shown to be relevant within the presented
investigation.

The status quo of fungal diagnostics in patients
following LTX

Culture-based diagnostics are associated with relevant weak-
nesses [43]. Positive blood cultures can only be obtained in
60—-80% of patients despite an underlying IFD due to rapid
clearance from the bloodstream, especially in cases of gastro-
intestinal translocations [13, 14]. Accordingly, molecular ap-
proaches might be able to overcome the aforementioned lim-
itations. However, PCR methods were examined during the
last years but only revealed a limited power to discriminate
between contaminations, colonization, and IFD [18, 44].

Looking for ways out of this quandary—NGS-based
diagnostics of fungal infections in patients following
LTX

NGS, in contrast to PCR-based technologies, is an open plat-
form approach which detects bacterial, fungal, and viral path-
ogens by a quantitative and unbiased method and allows for
the discrimination of signal reads from noise (caused by con-
taminant or commensal species) via SIQ score calculation. A
comparable NGS-based diagnostic approach for early diag-
nostics of bacteremia has recently been published by our
workgroup and others [27, 29, 45, 46] and could show this
benefit for fungal diagnostics in septic patients [47]. By using
this newly designed “fungal SIQ-score” in plasma sam-
ples of patients following LTX within the presented inves-
tigation, we were able to (1) confirm culture-based diag-
nostics of candidemia and (2) detect IFDs even in those
patients, which have, so far, been classified as colonized
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based on culture-based diagnostic procedures. Moreover,  therapy in infected patients much earlier than previously
the NGS-based approach would have revealed signs for  possible. Even our approach seems to be more sensitive

an IFD already prior to the availability of the first culture-  and specific than the state-of-the-art methods. However,
based results of fungal pathogens, thus providing the op-  due to the small number of patients within our collective,
portunity to initiate a targeted life-saving antifungal  further studies will be necessary.
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<« Fig. 2 Time course fungal SIQ analyses and comparison to conventional
clinical microbiology data for patients following LTX. The respective
species identified for patients L89 (a) and L74 (b) are shown at the top
of the graph. All results are grouped by time points TO to T6. Species
identified by fungal SIQ score analyses (NGS) are highlighted by green-
colored boxes, while species identified by BC are highlighted with red-
colored boxes. A match to species identified from other specimens by
cultivation is highlighted by gray-colored boxes. n.d. indicates that the
respective analysis was not performed at the corresponding time point,
while a minus (—) or a plus (+) symbol indicates a negative or positive
result, respectively. An asterisk highlights those positive results that were
obtained from a sample not directly at the indicated time point but within
48 h of'it. (a) L89—a 63-year-old man was listed as a candidate for LTX
due to ethyl toxic liver cirrhosis and was allocated for first transplantation
in 09/2015. Five months following the first transplantation, the patient
suffered from ischemic graft failure; so, re-transplantation was performed
in 01/2016. The MELD score prior to re-transplantation was calculated to
be 20. Following the re-transplantation procedure, immunosuppression
was maintained by the combined use of corticosteroids, mycophenolat
mofetil as well as tacrolimus. Meropenem (MEM), linezolid (LZD), and
caspofungin (CFG) were given in terms of a perioperative anti-infective
prophylaxis. Immediately following the re-transplantation, Candida
albicans could be detected in blood cultures; so, a targeted treatment
regime with caspofungin (CFG) was maintained. Moreover, hygiene
smears showed rectal colonization with vancomycin-resistant
Enterococcus faecium. Besides, at day 1, after re-transplantation, the pa-
tient was in need for a surgical revision due to an intra-abdominal hema-
toma. Three days later, the bile duct and the intestine were connected in
terms of a biliodigestive anastomosis. At day 14 following the re-trans-
plantation, Klebsiella pneumonia could be detected in blood cultures; so,
a targeted treatment with ceftazidime was initiated. Due to severe wors-
ening of the patient’s condition, tigecycline was also administered to the
patient in terms of a calculated antibiosis. Additionally, piperacillin/
tazobactam was added instead of ceftazidime, since the patient’s condi-
tions were not changing. Moreover, the patient showed an ischemic co-
lon; so, a subtotal colectomy was performed 20 days after the re-trans-
plantation. At day 21, blood cultures revealed Enterococcus faecium
(VSE). Unfortunately, the patient died at day 22 following the re-trans-
plantation. BC, blood culture; BAL, bronchoalveolar lavage; CoNS,
coagulase-negative staphylococci; NGS, species identified by fungal
SIQ score analyses via next-generation sequencing. (b) L74—a 60-
year-old man was listed as a candidate for LTX due to ethyl toxic liver
cirrhosis. The MELD score prior to transplantation was calculated to be
10. Following the transplantation procedure, immunosuppression was
maintained by the combined use of corticosteroids, mycophenolat mofetil
as well as tacrolimus. Cefuroxime and fluconazole were given in terms of
a perioperative anti-infective prophylaxis. Due to suspected pneumonia,
an empiric treatment regime with moxifloxacin was initiated at day 3 after
LTX. At day 14 following LTX, Enterococcus faecium (VSE) was found
in blood cultures. Moreover, Candida spp. were found in abdominal
drainages at 21 days after the transplantation procedure, which was
interpreted as fungal colonization. At day 45 following LTX, the patient
suffered from a biliary leakage due to a necrotic bile duct; so, the bile duct
was resected and a percutaneous bile drainage was brought in place. BC,
blood culture; NGS, species identified by fungal SIQ score analyses via
next-generation sequencing

Biomarkers for the diagnosis of IFDs in patients
following LTX

The use of non-invasive diagnostic tools, such as BDG or
GM, aims to attenuate the above-mentioned inefficiencies of

the routinely used diagnostic approaches for the detection of
IFDs, although these biomarkers are also far from perfect. The
specificity of BDG in LTX is known to be low [20].
Among others, the presence of a bacterial infection and/
or the need for an antibiotic treatment were accused to be
associated with false-positive BDG levels in patients not
affected by an IFD [48, 49]. However, recent evidence
suggests that the influence of some of these factors was
somehow overestimated [50-53]. Nevertheless, within the
presented investigation, plasma levels of BDG definitely
failed to be of diagnostic value for the identification of an
IFD in patients following LTX. Accordingly, the use of
BDG plasma levels in terms of a screening tool cannot be
recommended. [A is especially common in neutropenic
patients or following hematopoietic stem cell transplanta-
tion [54], but it also represents an opportunistic infection
in patients following LTX [5]. GM represents a heat-
stable polysaccharide present in the fungal wall of most
Aspergillus spp. [55]. Although GM works fine in neutro-
penic patients, its diagnostic value is much lower in pa-
tients following LTX with a high rate of false-positive
results [20-22]. It is, therefore, clear as to why neither
BDG nor GM is currently recommended for use as diag-
nostic tools in the identification of IFDs in patients fol-
lowing LTX by the Infectious Disease Society of America
(IDSA) [18].

Immune monitoring for the detection of IFDs
following LTX

The immunocompetent body is steadily confronted with a
myriad of microorganisms at its interfaces between the
internal and external environment. Especially, Candida
spp. frequently colonize mucosal surfaces but without in-
ducing any infection. This only works because our body
has adapted to this condition by establishing physical bar-
riers (e.g., mucosal and skin) as well as stationing im-
mune cells at these delicate interfaces. In patients follow-
ing LTX, this sensitive balance is disturbed due to the
intake of immunosuppressive drugs in order to avoid a
rejection of the graft [33, 34].

Several biomarkers are involved in the fighting cascade
against fungal infections. Accordingly, IL-17A was shown
to be suitable for the detection of an IFD in patients suf-
fering from sepsis [27, 56]. The same seems to hold true
for LTX patients. Analogous to septic patients suffering
from an IFD, patients undergoing LTX also revealed sig-
nificantly increased levels of IL-17A in comparison to
patients with a fungal colonization, as well as patients
without any fungal findings. However, two things have
to be kept in mind with regard to these findings: (1) IL-
17A is primarily associated with the defense against
Candida spp., whereas Aspergillus spp. are known to be
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Fig. 3 Plasma concentrations of -D-glucan (BDG) in patients following
LTX. Plasma concentrations of BDG were measured in patients following
LTX with an IFD (black squared box), a fungal colonization (gray box),
or without any fungal findings (white box). Plasma samples were collect-
ed immediately following LTX (T0), and 1 day (T1), 2 days (T2), 7 days
(T3), 14 days (T4), 21 days (T5), and 28 days (T6) afterwards. Data in

a less strong inductor [57]. Accordingly, high plasma
levels of IL-17A in patients suffering from [A might be,
at least in part, caused by an accompanying fungal colo-
nization with Candida spp. (2) IL-17A is also known to
serve as a prognostic parameter for acute rejections fol-
lowing transplantation [58]. Moreover, IL-17-producing T
helper 17 cells (Th17) have recently been described to be
of importance in the pathogenesis of psoriasis [59] and
play a crucial role in the host defense against a variety
of pathogens, including bacteria and viruses [60].
However, since plasma levels of IL-17A differed signifi-
cantly between the three subgroups (patients with an IFD
vs. colonization vs. without any fungal pathogens) at sev-
eral time points, whereas the rate of rejections, cases of
psoriasis or the number of non-fungal infections (caused
by bacteria or viruses) did not, the observed differences of
IL-17A plasma levels seem to be most likely attributable
to the presence of fungal pathogens, rather than the oc-
currence of the aforementioned other influencing factors.
In summary, plasma levels of IL-17A might, therefore, be
a promising biomarker for the anticipation of an IFD in
patients following LTX. MR-proADM is known to be of
diagnostic value for the discrimination of critically ill pa-
tients with all-cause sepsis (independent of the underlying
microbial pathogen) from those without an infectious
stimulus [61]. Moreover, ADM appears to play a critical
role in the host defense against systemic infections, espe-
cially fungal infections [27]. Accordingly, MR-proADM
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box plots are given as median, 25th percentile, 75th percentile with the
10th as well as 90th percentile at the end of the whiskers. Concerning
symbolism and higher orders of significance: p < 0.05: *. The dotted line
at 80 pg/ml indicates the critical cut-off value of the Glucatell®-Kit
(Pyroquant Diagnostik GmbH)

was proven to be suitable for the identification of patients
suffering from an IFD following LTX within the presented
investigation. However, increased levels of MR-proADM
are also known to serve as an indicator for severe com-
plications following LTX [62], especially for those of vas-
cular origin [63]. Moreover, renal impairment is known to
be associated with increased levels of MR-proADM fol-
lowing liver transplantation [64]. Therefore, patients’ re-
nal function and other influencing factors, such as the
presence of a vascular problem of the graft, have to be
taken into account.

Limitations

Although the results of our observational, prospective,
clinical investigation are congruent, the following limita-
tions need to be addressed in connection with the pre-
sented manuscript. The clinical investigation was per-
formed in terms of an observational single-center study
and is, therefore, characterized by a small number of
participating patients, representing a highly selective co-
hort of patients with the need for an orthotopic LTX due
to an underlying ESLD, in which statistical errors may
not be precluded. Since the presented work was realized
in terms of a pilot study, no «-adjustment was per-
formed, and obtained knowledge is based on descriptive
data. Accordingly, an additional confirmation within a
larger multicenter trial needs to be recommended.
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Fig. 4 Plasma concentrations of interleukin (IL)-17A in patients
following LTX. (a) Plasma concentrations of IL-17A were measured in
patients after LTX with a fungal infection (black squared box), a fungal
colonization (gray box), or without any fungal findings (white box).
Plasma samples were collected directly after LTX (TO0), and 1 day (T1),
2 days (T2), 7 days (T3), 14 days (T4), 21 days (T5), and 28 days (T6)
afterwards. Data in box plots are given as median, 25th percentile, 75th
percentile with the 10th as well as 90th percentile at the end of the

Moreover, due to weaknesses of culture-based diagnos-
tics (including BC), representing the gold standard for
the identification of patients suffering from an IFD, a
relevant number of IFD episodes may also be missed
also within the presented investigation. However, this
BC-related problem is well-known but has not been sat-
isfactorily solved yet, representing the main justification
for the presented study here [13, 14].

whiskers. Concerning symbolism and higher orders of significance:
p<0.05:* p<0.01: ** p<0.001: *** (b) Receiver-operating charac-
teristic (ROC) analysis with IL-17A in all participating patients 1 day
after LTX (T1) and 2 days (T2) afterwards with regard to the prediction
of a fungal infection up to day 28. Patients suffering from a fungal infec-
tion represented the target group, whereas both patients with a fungal
colonization as well as patients without any fungal isolates served as
controls for this ROC analysis

Conclusions

Fungal pathogens are quite common in patients following
LTX and are associated with an increased morbidity, necessi-
tating a comprehensive, reliable, and fast diagnosis. In this
respect, a NGS-based diagnostic approach might be a suitable
tool for the detection of fungal pathogens in plasma samples
of patients following LTX. Moreover, the fungal SIQ score
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Fig. 5 Plasma concentrations of mid-regional proadrenomedullin (MR-
proADM) in patients following LTX. (a) Plasma concentrations of MR-
proADM were measured in patients following LTX with a fungal infec-
tion (black squared box), a fungal colonization (gray box), or without any
fungal findings (white box). Plasma samples were collected directly after
LTX (TO), and 1 day (T1), 2 days (T2), 7 days (T3), 14 days (T4), 21 days
(T5), and 28 days (T6) afterwards. Data in box plots are given as median,
25th percentile, 75th percentile with the 10th as well as 90th percentile at

allowed for the identification of an IFD even in those patients,
which have so far been classified as colonized (based on
culture-based diagnostic procedures). A NGS-based diagnos-
tic platform, therefore, might represent a feasible approach for
the identification of IFDs, even in those cases where classic
microbiological or molecular diagnostic approaches fail. The
identification of patients with an IFD can be further facilitated
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the end of the whiskers. Concerning symbolism and higher orders of
significance: p < 0.05: *, p<0.01: **. (b) Receiver-operating character-
istic (ROC) analysis with MR-proADM in all participating patients di-
rectly after LTX (T0), and 7 days (T3), as well as 14 days (T4) afterwards
with regard to the prediction of a fungal infection up to day 28. Patients
suffering from a fungal infection represented the target group, whereas
both patients with a fungal colonization as well as patients without any
fungal isolates served as controls for this ROC analysis

by plasma measurements of MR-proADM as well as IL-17A.
Accordingly, the implementation of MR-proADM and IL-
17A measurements in routine diagnostics following LTX
should be taken into account for the detection of an IFD.
Conversely, plasma levels of BDG did not significantly differ
among patients without any fungal pathogens, colonized as
well as infected patients.
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