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“The person who takes medicine must recover twice, once from the disease and once from the
2
medicine.”

/William Osler, M.D.
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ABSTRACT

Patients with hematological malignancies have an increased risk of infectious complications. These
complications can be caused by disease-specific factors or be treatment-related. Bloodstream
infections increase the risk of morbidity, mortality, have a negative impact on quality of life, and may
lead to reductions in treatment intensity. Surveillance studies on infectious complications and new
technologies in diagnosing bloodstream infections are two important fields in improving management
of patients with hematological malignancies.

Paper I: This is a retrospective study of positive blood cultures from patients mainly treated with
dose-intensive antitumoural treatment between 2002 and 2008. Bacterial distribution, bacterial
resistance and mortality from 667 fever episodes are presented. Results are compared with historical,
previous published, material from the same institution and setting. Subsequently, temporal trends from
1980 to 2008 could be analysed. In a setting with very low use of fluoroguinolone-prophylaxis it can
be concluded that; the distribution of Gram-positive bacteremia is stable, the crude mortality remains
low in an international perspective and acquired resistance is uncommon but a significant increase in
ciprofloxacin resistance in Escherichia coli is observed. The five most common bacteria in the study
are; E. coli, coagulase-negative staphylococci, viridans streptococci, Klebsiella spp., and
Staphylococcus aureus.

Paper 11: This is a retrospective study that investigated temporal trends in bloodstream infections in
patients with chronic lymphocytic leukemia between 1988-2008. We find a decrease in positive blood
cultures over time and speculate if this could be due to more effective antitumoural treatment in recent
years. Moreover a bloodstream infection is, as intuitively foreseen, associated with worse prognosis.
Dominating pathogens in the study are; E. coli, Streptococcus pneumoniae, P. aeruginosa, S. aureus,
and viridans streptococci. Coagulase-negative staphylococcus, a common skin contaminant, is the
most frequently detected bacteria.

Paper I11: This is a prospective study of 33 patients with aggressive hematological malignancies in
need of dose-intensive chemotherapy. One hundred thirty blood samples were collected at different
time points during episodes with neutropenia and fever between 2013 and 2014. Conventional blood
culture findings were compared with a method applicable also for unculturable bacteria, 16S rRNA
amplicon sequencing. Sequencing yielded reads belonging to Proteobacteria (55.2%), Firmicutes
(33.4%), Actinobacteria (8.6%), Fusobacteria (0.4%), and Bacteroidetes (0.1%). The results display a
much broader diversity of bacteria in bloodstream infections than expected. Changes in the relative
abundance in the sequence data after commencement of antibiotics could be suggestive for a new
method for estimating antibiotic efficacy. Lastly, the results are indicative for translocation, especially
of gut microbiota, playing an important etiological factor in fever episodes in the neutropenic host.

Paper 1V: This is a prospective study of 9 patients with acute leukemia in which we applied shotgun
metagenomics for 27 blood samples collected during episodes of neutropenia and fever between 2013
and 2014. Shotgun metagenomics can characterize DNAemia and reconstruct unculturable microbial
communities, resistance markers and gene ontology. The study confirms the method’s applicability in
bloodstream infections demonstrating bacteria, viruses and fungi. Furthermore, the observed dynamics
of microbe sequences during fever episodes as well as gene ontology makes this diagnostic approach
appealing for exploring the fever episodes in this patient category.



LIST OF SCIENTIFIC PUBLICATIONS

This thesis is based on the following papers, which will be referred to in the text by their Roman
numerals.

I. Kjellander C, Bjérkholm M, Cherif H, Kalin M, Giske CG
Low all-cause mortality and low occurrence of antimicrobial resistance in
hematological patients with bacteremia receiving no antibacterial prophylaxis: a
single-center study.
Eur J Haematol. 2012;88:422-30.

Il. Kjellander C, Bjorkholm M, Ké&llman O, Giske CG, Weibull CE, Love TJ,
Landgren O, Kristinsson SY
Bloodstream infections in patients with chronic lymphocytic leukemia: a longitudinal
single-center study.
Ann Hematol. 2016;95:871-9

I1l. Gyarmati P, Kjellander C, Aust C, Kalin M, Ohrmalm L, Giske CG
Bacterial Landscape of Bloodstream Infections in Neutropenic Patients via High
Throughput Sequencing.

PL0S One. 2015;10:e0135756.

IV. Gyarmati P, Kjellander C, Aust C, Song Y, Ohrmalm L, Giske CG
Metagenomics analysis of bloodstream infections in patients with acute leukemia
and therapy-induced neutropenia.

Sci Rep. 2016;6:23532



TABLE OF CONTENTS

10

INEFOTUCTION ...ttt e ettt e bbbt e bt e b et e et et ettt ebe et ebenas 7
BACKGIOUNG ...ttt e et e et et e e et s e et et et e e st ene e e e e ne e 8
2.1 AACULE TBUKEIMIBS ...t 8

211 Acute MYEloid TEUKEMIA. ..ottt 8

2.1.2 Acute lymphoblastic IEUKEMIA.............coueievcicieiiiccc e 9
2.2 CRIONIC TEUKEMIBS. ...

221 Chronic MYeloid IEUKEMIA ........c.coiiiceneccee s

222 Chronic lymphOoCYLIC IEUKEMIA .........eceeieiririiicrei s
2.3 LI 1010010 0 g TSR

231 Indolent non-Hodgkin lymphoma.........

232 Aggressive non-Hodgkin lymphoma

233 HOAGKIN IYMPROMA ......ciiiii ettt
2.4 Etiology of bloOdStream INFECLIONS...........cciuriririicieier et een

24.1 Definitions and incidence of bloodstream iNfECtiONS...........ccvcrienicnicncc e 11

242 Taxonomy of microorganisms

243 BACIETTA ...t

244 FUNGI -ttt

245 WTUSES ..vevvveeeieiesesese ettt sttt ettt b e se et s s b etttk ke b b e s R R e Rt e et e e s bbbt e b et et e sesenenenen

2.4.6 Catheter related INFECHIONS .........coiiiiiiiiirrrre et
25 ANTIDACIEITAI TTEAIMENT.........cuetiteieicieee ettt bbbt e e e ettt st bee
2.6 ANTIDIOTIC FESISTANCE ...ttt ettt ettt b b e s s e e e e e et ettt et bee

26.1 Gram-negative bacteria....

2.6.2 Gram-pOSITIVE DACIETIA .....c.ovveeeeieirii ettt een
Diagnosing bloodstream INFECHIONS ..........cvieiiiicece e e
3.1 Blood culture........cocovvveeececiciccccnes
3.2 Mutliplex Polymerase chain reaction
33 Matrix-assisted laser desorption/ionization Time-of-Flight mass SPECITOMELIY .........cocoveevrrecenrniriienns 18
34 L1 To =T g To o ot 19
35 Amplicon sequencing: 16S riboSOMal RNA .........coiiiieice e 20
3.6 SNOLGUN MELAGENOMIICS ...ttt 20
5 (010 Y= ] 0 0TS 21
Retrospective CONOIt SEUAIES (I, T1) ..vouveveicieese et 22
5.1 Material and methods....

511 SEUAY |t b bbbttt

512 SEUAY Tl
5.2 RESUIS AN QISCUSSION ...ttt bbbttt e

521 STUAY |ttt

522 STUAY Tl bbbttt
Prospective COhOrt StUAIES (11, IV).....vvi e
6.1 Material NG MENOUS.........cueuieiiriiiei ettt bbbkt ettt ettt bee

6.1.1 STUAY T oottt en

6.1.2 SEUAY TV o
6.2 Results and discussion

6.2.1 SEUAY T o

6.2.2 SEUAY TV o
CONCIUAING FEMAIKS ...ttt ettt bbbt e bbbt b et b ettt e et b s
Populérvetenskaplig SAMMaNTattNniNG .........covirrri s
o g 0L [=To o =T TP TTR
RETEIEINCES ...



LIST OF ABBREVIATIONS

16sRNA
ALL
alloSCT
AML

ANC
autoSCT
BP

BSI

CLL

CML
CoNS
DDD
ECDC
ESBL
HCK Solna
HL

IFI
Karolinska Solna

MALDI-TOF MS

MRSA
NGS
NHL
oTu
PCR
PE
SCT
SLL
TKI
VRE

16S ribosomal RNA

Acute lymphablastic leukemia

Allogeneic stem cell transplantation

Acute myeloid leukemia

Absolute neutrophil count

Autologous stem cell transplantation

Base pair

Bloodstream infection

Chronic lymphocytic leukemia

Chronic myeloid leukemia

Coagulase negative staphylococci

Daily defined dose

European Centre for Disease Prevention and Control
Extended-spectrum B-lactamase

Karolinska University Hospital Solna, hematology ward
Hodgkin lymphoma

Invasive fungal infection

Karolinska University Hospital Solna

Matrix Assisted Laser Desorption/lonization Time-of-Flight Mass
Spectrometry

Methicillin-resistant S. aureus
Next generation sequencing
Non-Hodgkin lymphoma
Operational taxonomic units
Polymerase chain reaction
Paired end

Stem cell transplantation
Small lymphocytic lymphoma
Tyrosine kinase inhibitor

Vancomycin-resistance enterococci



1 INTRODUCTION

Hematological malignancies, as a group, are the fourth most common cancer in Sweden. Yearly,
approximately 2,400 patients are diagnosed, which is 7% of all diagnosed malignancies; a
proportion comparable with other developed countries (1, 2). Hematological malignancies are
responsible for approximately 8% of cancer-related deaths in Europe (3). Patients with
hematological malignancies have increased risk for infectious complications attributed to inherent
disease-, host-, and therapy-related factors. Also, serious infectious complication as the direct cause
of death is a common manifestation of an end-stage, often refractory, hematological malignancy (4).
In high-risk settings, such as after allogeneic stem cell transplantation (alloSCT), the cumulative
incidence of death attributed to infection has significantly decreased over the years. However,
infectious-related death within a year still remains at 1% for those transplanted between 1999 and
2001 (5). In low-income countries the risk of infection related death after antitumoural treatment is
even higher (6). In addition, an infectious complication is an important cause of morbidity causing
dose reduction and treatment delays, negatively effecting outcome (7).

The view of infectious complications and causative pathogens, in bloodstream infections (BSI) in
particular, have changed over the last decades due to changes in antitumoural treatments, use of
indwelling catheters, antimicrobial prophylaxis, and vaccination. BSI can be caused by bacteria,
viruses and fungi. Sepsis is characterised by a life-threatening organ dysfunction caused by a
dysregulated host response to infection (8). Microbial invasion of the bloodstream or the release of
microbial products results in the deleterious host response. Sepsis ranks among top ten causes of
death (9). Delayed initiation or delayed specific coverage of pathogens decreases the survival rate of
patients with sepsis several-fold (10-12).

Knowledge of the local panorama of infectious complications and antibiotic resistance are essential
parts of management of hematological malignancies. Today, effective treatment of suspected
infectious complication is hampered due to limitations of diagnostic methodologies. For example;
results of blood cultures might take days to receive and can only detect culturable bacteria and
polymerase chain reaction (PCR) for pathogen detection in blood is associated with several problems
regarding interpretation and accuracy, to mention a few (13).

Genome information derived from next generation sequencing (NGS) has revealed important
information for hematological malignancies and will pave the way for personalized medicine (14).
NGS offers, in the context of microbiology, means for identifying viable, dead and viable but
unculturable bacteria, fungi and viruses. Moreover, NGS can retrieve information about resistance
markers, virulence, antimicrobial treatment effect, new pathogens, and host-microbiome
interactions, and hopefully unravel fever episodes where traditional microbial diagnostics have
failed (15).

Management of suspected fever and prevention of infectious complications will doubtless also in the
future be a challenge, and hopefully, a field of continuing improvement regarding the care of patients
with hematological malignancies.



2 BACKGROUND

Hematological malignancies can be subdivided in numerous ways; for practical reasons and in
regard of the patient population under study the following major subgroups are presented: acute
myeloid (AML) and lymphoblastic leukemia (ALL), chronic myeloid (CML) and lymphocytic
leukemia (CLL), and aggressive-, indolent non-Hodgkin lymphoma (NHL) and Hodgkin lymphoma
(HL) (Figure 1). Epidemiology is presented in Figure 2.
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Figure 1. Hematological malignancies, adapted from Dr Dinesh Bhurani (16).

2.1 ACUTE LEUKEMIAS

Acute leukemia is characterized by the neoplastic proliferation of precursors to myeloid and
lymphoid blood cells, respectively. The immature blast cells accumulate in the bone marrow and
suppress normal hematopoiesis resulting in anemia and thrombocytopenia. Blast cells may or may
not enter the bloodstream (leading to either high or low leukocyte counts) and can infiltrate other
organs. Common manifestations of leukemia are fatigue (related to anemia), bleeding (due to
thrombocytopenia) and infection due to secondary effects on the immune system.

2.1.1 Acute myeloid leukemia

AML is the most common form of acute leukemia in the adult, constituting 80% of leukemias in
this group. This is contrast to the situation for children with acute leukemia, where <10% are AML
(17). The majority of patients with AML receive dose-intensive chemotherapy resulting in profound
immunosuppression: median time of neutropenia (absolute neutrophil count (ANC) <0.5x10°%L) is
approximately 10 days (18). Prognosis is dependent on patient-related factors like age, performance
status and comorbidities as well as diseases-related factors like cytogenetic aberrations. In general,
children and elderly (>60 years) individuals have a poorer prognosis with overall survival of



approximately 65% and <13%, respectively (19, 20). Treatment is often divided into an induction
phase, and a consolidation phase. The induction phase aims to eradicate the malignant cells, to
induce a so-called complete remission, and is successful in this in over 60-90% in adult patients <60
years. A complete remission is often defined as <5% blast in the bone marrow with recovery of
ANCs and thrombocytes. Consolidation treatment aims to reduce risk for relapse, which is
substantial. This can be done through chemotherapy alone or in conjunction with autologous stem
cell transplantation (autoSCT) or alloSCT. The cytotoxic regime given with stem cell
transplantation mandates stem cell rescue to renew hematopoietic cell. Stem cell can either be the
patient’s own stem cells (autologous stem cells) or originate from a matched donor (allogeneic stem

cells).
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Figure 2. Epidemiological differences in hematological malignancies. Incidence and median age for adults were retrieved
from National quality registries for respective diagnosis and estimated deaths per year were extracted from National Cancer
Institute’s (United States of America) database. Only for aggressive NHL (agg. NHL) death rate was retrieved form The
National Board of Health and Welfare <Diffuse large-b-cell lymphoma>. AML (21, 22), ALL (23, 24), CML (25, 26), CLL
(27, 28), agg. NHL (29, 30) and HL (31, 32).

2.1.2 Acute lymphoblastic leukemia

ALL is a clonal disease characterized by B-or T-cell origin. Leukemia is the most common
malignancy in children (approximately 25% of all new cases) and the majority (90%) of pediatric
leukemias are ALL. Even though remission rates of 80% (only slightly lower than for children) can
be achieved in the adult setting the long term survival is only about 10%, which is in sharp contrast
to the children setting (33). Bad prognostic markers are age (usually above 35 years), white blood
count (usually greater than 30x10°%/L) and some cytogenetic aberrations. Approximately 30% of
ALL carry the 9;22 chromosome translocation associated with poor prognosis that is also
commonly (>90%) found in CML. Treatment constitutes of several antitumoural agents for
intravenous and intrathecal administration. Also in ALL, high-risk patients can be subjects for
alloSCT.



2.2 CHRONIC LEUKEMIAS

Chronic leukemias are commonly divided into CML and CLL, although other rare forms exist.
Great progress in management has been made in the last decades (34, 35).

2.2.1 Chronic myeloid leukemia

CML is a clonal disease characterized by proliferation of mature granulocytes (neutrophils,
eosinophils and basophils) and their precursors. The prevalence of CML is increasing due to
introduction of effective treatment with tyrosine kinase inhibitors (TKI) (36). CML can be divided
into three subgroups: chronic phase, accelerated phase and blastic phase. Patients in the two latter
groups have the worst prognosis. According to the Swedish population-registry patients at diagnosis
belong to corresponding group in 93%, 5% and 2%, respectively (37). For chronic phase CML
standard therapy is lifelong TKIs. Interestingly, reports on discontinuation of TKI treatment with
very good treatment free progression results are now appearing (38). For those patients that cannot
tolerate or achieve a good response on TKI in chronic phase (and some in low risk accelerated
phase) as well as those in blastic phase, alloSCT offers the best option for long-term survival (39).
Patients in need of quick blast reduction, for example before alloSCT, are offered AML-like
treatment. Patients with CML in chronic phase do not have an increased risk for infections (40).

2.2.2 Chronic lymphocytic leukemia

CLL originate from mature lymphocytes, most commonly B-lymphocytes. The natural history of
CLL varies considerably: less than 30% of CLL patients never progress and die from an unrelated
cause (41). Prognosis can be estimated with regard to disease stage, blood counts and cytogenetic
abnormalities. Antitumoural management has constantly changed the last 25 years, and is still
dynamic (42). Treatment today consists of chemotherapeutic agents (purine analogs and alkylating
agents) and monoclonal antibodies (alemtuzumab, rituximab, ofatumumab and obinutuzumab).
Recently cellular signaling pathway inhibitors have been approved, the Bruton tyrosine kinase
inhibitor ibrutinib, phosphatidylinositol-3 kinase delta inhibitor idelalisib and the Bcl-2 inhibitor
venetoclax, that substantially change the options for refractory, relapsed, comorbid, or elderly CLL
patients. New check point inhibitors and engineered T-cells are in advances clinical trials. For
physically fit patients with refractory CLL or with a high risk disease (i.e del17p or TP53
mutations) alloSCT might be an option if they relapse after a kinase inhibitor and respond to
subsequent treatment. The pathogenesis of infections in CLL patients is multifactorial, and is related
to inherent immune defects and therapy-related immunosuppression (43).

2.3 LYMPHOMAS

Lymphomas are a diverse group of malignant neoplasms that can be divided in indolent and
aggressive NHL and HL (Figure 1). NHLs are derived from B cell progenitors, T cell progenitors,
mature B cells, mature T cells, or (rarely) natural killer cells. HL arises from a neoplastic B cell that
is surrounded by inflammatory cells.

2.3.1 Indolent non-Hodgkin lymphoma

Indolent NHLs represent a big heterogeneous group of insidious lymphomas often presenting with
lymphadenopathy, hepatosplenomegaly, or cytopenia. Typical examples of NHL are follicular
lymphoma, CLL/small lymphocytic lymphoma (SLL) and splenic marginal zone lymphoma.
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CLL/SLL is considered the same entity but with different manifestation (the latter predominantly in
lymphoid tissue outside the bone marrow compartment). There has been major improvement in
therapeutic options but careful monitoring of asymptomatic patients remains the golden standard of
management. Cure is often not possible but long time survival is common and risk of infectious
complications varies widely (44).

2.3.2 Aggressive non-Hodgkin lymphoma

About half of NHLs are aggressive (45). If untreated, patients with aggressive NHL will succumb
within weeks to months. Patient history often reveals typical associated night sweats, weight loss,
fever and a rapid growing mass; and an elevated level of lactate dehydrogenase is often observed.
Examples of aggressive lymphomas are diffuse large B cell lymphoma (25-30% of all lymphomas),
Burkitt lymphoma, adult T cell leukemia/lymphoma, and precursor B- and T-lymphoblastic
leukemia/lymphoma (46). Antitumoural treatment, often aiming for cure, constitutes of
immunochemotherapy and in selected cases SCT, leading to a subsequent increased risk of serious
infectious complications.

2.3.3 Hodgkin lymphoma

HL, accounts for <10% of all lymphomas (17). Classical prognostic factors are age, stage, tumor
location, histology, and comorbidities. Primary antitumoural treatment for HL includes combined
modality treatment (including radiotherapy and chemotherapy) for localized HL while patients with
advanced disease will receive dose-intensive chemotherapy (47). Intensified chemotherapy
followed by autoSCT is indicated if residual tumour activity or relapse is seen (48). Antibodies
targeting CD30, small molecule inhibitors of cell signaling, and antibodies that inhibit immune
checkpoints, have all demonstrated activity in HL (49).

2.4 ETIOLOGY OF BLOODSTREAM INFECTIONS

2.4.1 Definitions and incidence of bloodstream infections
BSI is defined as a positive blood culture in conjunction with symptoms of infection.

Fever is in clinical practice defined as a single oral (or tympanic) temperature of >38.3°C or
temperature of >38.0°C sustained for 1 hour (50).

Neutropenia is herein defined as an ANC of <0.5x10%L, or a count expected to decrease to
<0.5x10%/L over the next 48 hours.

Fever accompanying therapy-induced neutropenia affects approximately 80% of those with
hematological malignancy. A BSI is identified in 10-25% of fever episodes after chemotherapy, and in
up to 60% following SCT (50-52). During therapy-induced neutropenia, the crude mortality rate of
BSl is about 15% (53, 54).
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2.4.2 Taxonomy of microorganisms
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Figure 3. The taxonomy of bacteria based on the work of Carl von Linné (55).

Based on Carl von Linné’s work, organisms are categorized into three domains: eukarya, bacteria and
archae. The domain eukarya encompasses several kingdoms, for example fungi and animals. The
domain of bacteria consists of 30 phyla which can be further subcategorized into class (for example
bacilli), order (for example Lactobacillalles), family (Lactobacillaceae), genus (Lactobacillus), and
species (L. delbrueckii) (Figure 3).

2.4.3 Bacteria

The vast majority of all BSI constitutes of bacteria. Historically, S. aureus was the most common
cause of fatal infection in patients undergoing leukemia treatment. Following the introduction of
routine use of B-lactam antibiotics Gram-negative bacteremia, E. coli, Klebsiella spp., and P.
aeruginosa dominated in the 1960s and mid 1970s (56). Resistance was low and empirical treatment
often constituted of penicillin, or a first generation cephalosporin, with or without an aminoglycoside.
During the 1980s and early 1990s Gram-positive bacteria; CoNS, S. aureus, enterococci and viridans
streptococci dominated (57). During the last two decades our center showed a stable Gram-positive
distribution (58), but others in Europe and elsewhere, again, report increasing Gram-negative
proportions (59-61).

2.4.4 Fungi

Both yeasts and moulds are associated with an increased morbidity and mortality risk in
immunocompromised patients. Invasive fungal infections (IFI) are not infrequently found at
autopsy, and only seldomn detected ante mortem (62). Neutropenia (for >10 days), SCT, prolonged
treatment (>4 weeks) with corticosteroids, drugs or conditions that lead to chronically impaired
cellular immune responses are some of the more major risk factors for IFI. In the hematology
setting Candida spp., Aspergillus spp., Zygomycetes, Cryptococcus spp. and Fusarium spp. are the
most commonly occurring pathogens (63). Conventional histopathological examination and
mycological methods for identification (direct microscopy or culture of samples) are often not
possible (due to for example thrombocytopenia and need of invasive procedures) or associated with
low sensitivity. Nevertheless, a positive culture with susceptibility testing can help to optimize
treatment (64). Treatment delays dramatically correlate with increased mortality rates, and therefore
molecular methods and algorithms for assessing fungal risk have been developed (65, 66).
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1,3-Beta-D-glucan (BDG) is a cell wall component found in a wide variety of fungi that can be
analysed from blood; notable exceptions are Cryptococcus spp. and Zygomycetes (67, 68). Its
favorable negative predictive value could be useful in high risk setting, although, high rates of false
positive results of BDG test hampers its utility (69). Galactomannan, another cell wall component
that can be sampled from blood, is relatively specific for Aspergillus spp. but the test, as BDG, is
associated with false positive results (moderate sensitivity) (70).

PCR based methods for identification of fungi are rapid and promising, with high sensitivity and
specificity (71, 72). Lack of standardization, difficulty in distinguishing between contamination and
true IFI are some of the issues that need to be solved. The ongoing optimization of algorithms for
diagnosing IFI will probably use combination of techniques to improve antifungal treatment (73,
74).

2.45 Viruses

In 70-90 % of fever episodes accompanying neutropenia no causative microorganism can be
identified in blood cultures (75). In a study from our department a viral finding (nasopharynx
aspirate or blood) was found in 42% of the fever episodes (76). However, not all viruses give rise to
fever and finding a virus with a low titer might have no clinical consequence (77).

Viral infections of importance, developing in the neutropenic time period, include cytomegalovirus
infection, herpes virus, varicella zoster virus infection and community acquired respiratory virus
infection.

2.4.6 Catheter related infections

Various forms of intravascular devices are essential in the management of patients with hematological
malignancies receiving chemotherapy, transfusion therapy or parenteral nutrition. Central venous
catheters can be non-tunneled (fixed in place at site on insertion) or more preferred tunneled (passed
under skin from insertion). A subcutaneous port has a membranous septum under the skin and is
accessed through intact skin. Among the more serious complications are central line-associated
bloodstream infections. This is commonly defined (without the removal of the catheter) as growth of
the same bacteria in cultures drawn from peripheral and central lines, with the growth of the bacteria
in the central line growing two hours earlier than in the peripheral culture, and with no other apparent
site of infection other than the catheter (78).

2.5 ANTIBACTERIAL TREATMENT

Classic signs of infection might be missing due to the immunocompromised host’s inability to
mount an adequate inflammatory response, or concomitant steroids or other anti-inflammatory
medication. The aim of the empirical treatment is to cover the most likely and virulent pathogens.
Choice of treatment also needs to take into account the patient’s history, allergies, signs, symptoms,
recent microbiological findings, antibiotic use and antibiotic resistance. International guidelines
advocate empirical antibacterial therapy to be initiated in patients with suspected neutropenic sepsis
without delay or within 60 minutes from presentation (79-81).

Regular monitoring of local pathogens and antibiotic resistance is pivotal in clinical care of
immunocompromised patients.
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Internationally, the following different antibacterial approaches have been applied for inpatient
treatment: 1) combination of penicillin and an aminoglycoside 2) monotherapy with third or fourth
generation cephalosporin 3) combination of a third or fourth generation cephalosporin and an
aminoglycoside 4) triple combination therapy containing a combination of a third or fourth
generation cephalosporin, aminoglycoside, and glycopeptides (50, 82, 83).

During recent years a more risk-adapted approach for choosing antibacterial treatment, venue and
route of administration, has gained popularity. An example is the validated Multinational
Association for Supportive Care in Cancer risk index (MASCC risk index score) (50, 84). Risk-
stratification allows the identification of a sub-population of neutropenic fever patients who can be
treated at home with either intravenous monotherapy (often ceftriaxone, dosing once daily) or oral
antibiotics (often a combination of fluoroguinolone + amoxicillin-clavulanate, or fluoroguinolone
monotherapy).

Moreover, in the general intensive care unit 15-30% of patients with BSI are estimated to receive
inappropriate empirical antibiotics (85). In patients with hematological malignancies inappropriate
empirical therapy of BSI has been associated with inferior outcome (86).

Interestingly, in our inpatient ward for hematology patients at Karolinska University Hospital in
Solna (HCK Solna) daily defined dose (DDD) of antibiotics have changed in the last decade (Figure
4). In the beginning of the period the ward had 24 beds, dropping throughout the period, and in the
end of the period approximately 14 beds remained. The proportions hematological diagnoses have
though been stable. The DDD of meropenem and piperacillin-tazobactam has increased
counterbalancing the decrease of ceftazidime, probably reflecting the notion that ceftazidime has a
poor effect against viridans streptococci. Around 2006-2007 an increase of ciprofloxacin, our most
commonly prescribed fluoroquinolone, was observed reflecting a change in policy of antibiotic
prophylaxis in high risk patients. The peak between 2013 and 2014 in the use of ciprofloxacin could
reflect an extreme situation where the HCK Solna and Karolinska Solna were short of beds for
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Figure 4. DDD of prescribed antibiotics from the hematology inpatient ward, Karolinska Solna between 2002 and 2015.
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patients with subsequent locally broadened indication of ciprofloxacin to also include less high risk
situations.

2.6 ANTIBIOTIC RESISTANCE

Resistance patterns for bacterial BSI in hematological patients follow the resistance patterns of their
countries in general. International generalization on outcome of infectious complications is therefore
hampered.

2.6.1 Gram-negative bacteria

Among the Gram-negative pathogens, resistance to P. aeruginosa, E. coli, Klebsiella spp.,
Enterobacter spp. are of special interest. In our practice the majority of episodes of neutropenic fever
episodes are initiated on empirical broadspectrum antibiotics including anti-pseudomonal coverage,
often with piperazillin-tazobactam or carbapenem, according to local guidelines. Figures 5,6 and 7
illustrate resistance trends for P. aeruginosa, E. coli, and Klebsiella spp. based on; blood cultures
taken between 2002 and 2008 from HCK Solna, the Karolinska University Hospital Solna (Karolinska
Solna) reported data, and nationally reported data to the “Antimicrobial resistance interactive
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Figure 5. (A,B,C) Pattern of resistance for P. aeruginosa.
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database* of the European Centre for Disease Prevention and Control (ECDC) (58, 87, 88).
Stenotrophomonas maltophilia is inherently resistant to most antibiotics except trimethoprim-
sulfamethoxazole and ticarcillin-clavulanate (89). Enterobacter spp. is together with the other
Enterobacteriaceae important carriers of extended-spectrum p-lactamases (ESBLS). ESBLs can break
down penicillins, cephalosporins, monobactams and sometimes carbapenems (90). Growth of ESBL
producing bacteria is by law required to be reported to a national registry. ESBL incidence is
increasing in Sweden (Figure 8). For Acinetobacter spp. resistance mechanisms for merely all
antibiotics have been described (91).
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Figure 7. Pattern of resistance for K. pneumoniae.
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2.6.2 Gram-positive bacteria

Among the Gram-positive pathogens, resistance to staphylococci and enterococci are of special
importance. CoNS is among the most frequently identified pathogen in BSI, but is associated with a
very low morbidity (92). Nationally reported methicillin-resistant S. aureus (MRSA) to ECDC has
been constantly low (<1%) for the last decade. However the incidence is increasing (Figure 8).
Enterococcus species, colonizing the intestinal tract, are considered to possess low virulence, but they
are significant in terms of multi-drug resistance, predominantly vancomycin-resistant enterococci
(VRE) (Figure 8). From 2009 to 2015 VRE in blood culture has been documented on one occasion at
Karolinska Solna. Nationally reported incidence of VRE to the ECDC for the last decade is <1% (87,
88).
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Figure 8. Notifiable resistance in Sweden from 2009 to 2015(Public Health Agency of Sweden
(www.folkhalsomyndigheten.se))

3 DIAGNOSING BLOODSTREAM INFECTIONS

3.1 BLOOD CULTURE

Blood cultures are routinely drawn from patients with suspected BSI. Among positive blood
cultures bacteria are most commonly found but also fungi can be found. Despite the knowledge of
the importance of a positive blood culture little has changed in methods of blood culturing, even
though incremental progress has been made in pathogen identification by other techniques and
susceptibility testing. Continuous blood culture monitoring systems, in Karolinska University
Hospital BacT-ALERT (bioMérieux, France), were introduced in the 1990s. Inoculated blood
culture vials are loaded on the system, incubated, and monitored for production of CO,. A change in
CO, concentration implies biological activity and a positive signal is generated for a predefined
threshold. Positive vials are removed from the system and stained with Gram stain to differentiate
Gram-positive and Gram-negative organisms. Additional microscopy studies can reveal additional
characteristics (morphology and growth pattern) that aid the microbiologist in an early attempt (<12
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hours from drawn blood culture) to guide empirical antibiotic therapy. After Gram stain, culture
plates can be removed for an attempt of direct identification, based on biochemical characteristics,
and susceptibility testing. However, sensitivity is less than using cultured colonies of
microorganisms. With conventional methods, a preliminary report on bacterial identification and
susceptibility can be made after 18-24 hours and a more definitive usually after 24 hours. Standard
incubation in automated monitoring blood culture systems is 5 days.

Guidelines recommend, whenever possible, two to four sets of blood culture bottles to be collected.
Viable microbial concentrations in patients with BSI are low and recovered microbial yield is
proportional to drawn blood culture volume (93-95). Several key factors may lower contamination
rates (goal is <5%): adherence to protocols, sampling from peripheral vein compared to through
central venous access, use of sterile gloves, using antiseptics on tops of blood culture bottles and
using dedicated phlebotomy teams (96-99).

Recovering fungi from blood cultures can be more troublesome, as the optimal growth temperature
and blood culture media varies. Most automated blood culture systems enable growth of yeast, for
example Candida spp. But if the suspicion is strong for yeast, dimorphic fungi or moulds alternative
culture methods should be employed (100). Finally, blood culture growth is impeded in patients on
antibiotics and polymicrobial bacteremia (101).)

With above-mentioned limitations for different microorganisms, interpreting a positive blood
culture is rarely problematic. In case that a majority of independent drawn blood culture bottles are
positive with the same microorganism, the likelihood for a true (i.e. not contamination or unknown
significance) BSI is extremely high. Additionally, isolations of certain organisms are also
predictive: S. aureus, Enterobacteriaceae, S. pneumoniae, P. aeruginosa and Candida albicans
represent almost always a true BSI. Conversely, from a multicenter study CoNS was isolated in
38% of positive blood cultures but was only considered a pathogen in 10% of cases (102).
Similarly, very few of Corynbacterium spp., Bacillus spp., Micrococcus spp., Lactobacillus spp.
and Propionbacterium spp. were considered true pathogens. In a high risk clinical setting, as
immunocompromised patients with a hematological malignancy, BSI for skin pathogens mostly
requires two positive sets with the same antibiogram or that pathogens are associated with
appropriate clinical findings when available (61, 103).

3.2 MUTLIPLEX POLYMERASE CHAIN REACTION

Current methods for diagnosing bloodstream infection are limited in their diagnostic capabilities
and timeliness. Molecular methods that target conserved regions of microbial genomes for
amplification have been developed. Although they were shown to be useful for detecting blood
culture-negative endocarditis (104), no PCR-system has yet, been described to replace blood culture
in the setting of BSI due to mainly low and thus unsatisfactory specificity (105, 106).

3.3 MATRIX-ASSISTED LASER DESORPTION/IONIZATION TIME-OF-FLIGHT
MASS SPECTROMETRY

It was proposed already in 1975 that the mass spectrometry could be used in microbiology (107).
The last two decades commercial use of Matrix Assisted Laser Desorption/lonization Time-of-
Flight Mass Spectrometry (MALDI-TOF MS) was enabled by the discovery of, by the Nobel Prize
laureate Kochi Tanaka in 1985, its use on macromolecules. MALDI-TOF MS process begins with
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that a microbial colony, or processed clinical specimens, are mixed with a chemical matrix on a
MALDI-plate, crystallized and pulsed with a laser (108). The matrix facilitates the ionization
process. The laser energy ionizes and ablates the molecules form the sample. In the next phase the
time the different molecules travel in an electric field is recorded by the spectrometer. Large
molecules travel slower and signal can be converted in a mass (in Dalton) and its intensity
correlated with abundance. The mass of the molecule is then checked against a database for
phylogenetic characterization. In microbiology MALDI-TOF MS enables quick identification
(minutes) of many clinical relevant bacteria and fungi with low false positive results to a low cost.
Comparing MADI-TOF MS identification of bacteria to the species and genus level with traditional
blood cultures reveals concordance in 80.1 and 87.7%, respectively, for Gram-negative better than
for Gram-positive, and for fungi even better (109-111). Some species, already hard do differentiate
with biochemical methods, are also hard to distinguish with MALDI-TOF MS due to close
relationship, like for example differentiating Streptococcus mitis group and S. pneumoniae, Shigella
spp. and E. coli, and Listeria spp. from each other. Lastly, MALDI-TOF MS has been shown to be
less reliable in polymicrobial bloodstream infections (109). Coupling PCR with mass spectrometry
has recently been explored for diagnosing bloodstream infections with promising results (112).

3.4 METAGENOMICS

Understanding microbial diversity has been the goal for scientists for decades, but these studies
focused only on culturable bacteria. Genomics, with the use of NGS, is a relatively new technology
that uses recombinant DNA, DNA sequencing and bioinformatics to analyse the genome.
Metagenomics can characterize the genome of microbial communities directly from the
environment, as for example the human blood or stool.

The human body contains approximately equal numbers of bacteria and human cells and the human
microbiome (bacteria, viruses and fungi) is important in maintaining health (113). Genome
characterization started with the bacteriophage by Sanger sequencing in the 1970°s (114). In 1986
the first automated apparatus for capillary electrophoresis was introduced which could deliver
1,000bp/day. Until 2005, with developments in sequence terminator chemistry and moving from
gel- to capillary electrophoresis with obtainable sequence lengths of ~800bp, Sanger sequencing
was the dominant sequencing technique. In 1995 the first whole genome of a strain of Haemophilus
influenzae was sequenced and in 2001, the human genome (115, 116). Since 2005 methods have
developed that massively increase the sequence data, therefore called NGS (117). The platforms
share core similarities: 1) no cloning of DNA is required 2) DNA templates are spatially segregated
and no physical separation step is needed and 3) DNA is sequenced through synthesis. Platforms
differ in how to build template libraries, generating a signal, throughput (amount of sequenced bp
pair per run), read lengths and error rates.

The two main approaches for identifying microorganisms remain the amplicon sequencing (mostly
restricted to the 16S ribosomal RNA (16sRNA) or 18S ribosomal RNA in bacteria and fungi,
respectively) and shotgun metagenomics, which allows untargeted sequencing of DNA in a given
sample. Major challenges in metagenomics of human blood samples include 1) low pathogen DNA
load versus human DNA 2) inhibitory compounds in whole blood, and 3) contamination and/or
bacterial origin from certain reagents (118, 119). Furthermore, most commercial products for
identification of microorganism do not immediately report on the viability of the identified
microbes. Retrieving viability information requires additional analyses as for example, repetitive
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measures (to quantitate bacterial DNA clearance quantitatively) or dyeing the DNA with propidium
monoazide (dye only binds to compromised membranes), which inhibits PCR amplification (120).

3.5 AMPLICON SEQUENCING: 16S RIBOSOMAL RNA

The 16sRNA gene, around 1,550bp long, is present in all bacteria and is composed of interspersed
variable regions flanked by relatively conserved regions. Probes can be designed to hybridize the
conservative regions of the extracted DNA for PCR amplification, and subsequent sequencing of
the variable regions allows identification of different bacteria. For most clinical isolates, the initial
500bp is enough for bacterial differentiation (121). For the Illumina technology, used in our
laboratory, the next step is a simultaneous tag- and fragmentation. The modified molecule bounds to
the complementary oligonucleotide on a flow cell. Next step is a parallel synthesis of a library that
can work as a template for the fluorescently tagged nucleotides during sequencing. Only one
complementary fluorescent nucleotide can bind per cycle, the rest is washed away. At the end of a
cycle a camera takes a shot of the chip and a computer can, based on the wavelength and intensity
emitted, determine which base and where it was produced.

Bioinformatic analysis begins with quality checking and preprocessing of reads. Reads with similar
base calls are aligned and those who are similar are clustered, forming operational taxonomic units
(OTUs). OTUs are defined by how the sequences under a particular percentage diverge from each
other. OTUs are annotated by comparison with well-known database libraries via analytic software
tools or the World Wide Web, for example from the Ribosomal Database project (122).

3.6 SHOTGUN METAGENOMICS

With shotgun metagenomics the entire DNA content of a sample, instead of a targeted locus, is
fragmented, and then the fragments are sequenced in parallel. The way reads are produced depends on
which NGS-method is used. In metagenomics the reads usually vary between 100 and 400bp,
depending on the NGS-method used. Reads with similar base calls are assembled, forming contigs,
Taxonomic information is ascribed to each contig by sequence comparison with well-known
database libraries via the World Wide Web, for example GenBank (http://www.ncbi.nlm.nih.gov/)
for identification and variant analysis. Potentially, shotgun metagenomics can not only describe
taxonomic diversity, but also functionality, since entire microbial genes can be assembled (123).
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4 STUDY AIMS

With the goal of improving management of infectious complication in patients with hematological
malignancies studies with the following objectives were conducted

Retrospective epidemiological studies

o Defining trends in bacterial BSI: pathogen distribution, antibiotic resistance and mortality in

patients with aggressive hematological malignancies in general (1)
e Defining bacterial distribution and mortality in BSI in patients with CLL (II)

Prospective comparative cross-sectional and longitudinal studies

o Revealing bacterial DNA in BSI in hematological malignancies during chemotherapy-
induced neutropenia by the use of NGS and conventional methods (blood cultures) (111)

¢ Investigating microbial DNA in BSI at different time points during chemotherapy-induced
neutropenia in hematological malignancies (1V)
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5 RETROSPECTIVE COHORT STUDIES (I, II)
5.1 MATERIAL AND METHODS

5.1.1 Study |

In this study we investigated 10,071 blood cultures from 1,855 patients sampled between 2002 and
2008 from HCK Solna. Out tertiary urban hospital offers a variety of antitumoural treatments for
adults according to national guidelines, excluding alloSCT. For temporal trends patients were
compared with earlier published data (1980-86 and 1988-2001) from the same institution. Roughly,
1/3 of patients were diagnosed with malignant lymphoma, 1/3 with leukemia and 1/3 with myeloma
and CLL. Sampling indication and procedures have been unchanged during observed periods.

Study patients were identified through the laboratory information system. Antimicrobial prophylaxis,
most importantly fluoroquinolone-prophylaxis, has been low and unchanged during investigated and
compared study periods. Laboratory procedures for detecting positive blood cultures were automated
in 1993.

A positive blood culture was defined by the presence of bacteria (1) other than typical skin
contaminants in at least one blood culture or (2) in two blood cultures from the same fever episode
(same day). A polymicrobial bacteremia episode was defined by growth of more than one bacterial
species within 24 hours. Growth of the same bacteria <7 days was not considered a new positive blood
culture.

Isolated strains had antibiogram determined; either as susceptible (S), intermediate () or resistant (R),
according to the Swedish Reference Group for Antibiotics. Isolated bacteria was considered resistant
(lor R) if reduced susceptibility was observed in isolates belonging to the following species:
imipenem, piperacillin-tazobactam or metronidazole for anaerobic bacteria; piperacillin-tazobactam,
ceftazidime or ciprofloxacin for Enterobacteriaceae and Pseudomonas spp.; vancomycin for
Enterococcus faecium; isoxazolyl-penicillin for S. aureus; trimethoprim-sulfamethoxazole for S.
maltophilia; and benzyl-penicillin for viridans streptococci, f-hemolytic streptococci and S.
pneumoniae. Due to lack of adequate methodology for studying low-grade vancomycin resistance in
staphylococci in previous years (disc diffusion can only detect high-grade resistance) a proper
comparison of resistance levels could not be conducted.

For statistical analysis comparing categorical variables we used the two-tailed Fisher’s exact test. P-
values <0.05 were considered statistically significant

5.1.2 Study Il

Individuals who had a blood culture analysed between 1988 and 2006 at the Karolinska University
Hospital’s Clinical Microbiology Laboratory were linked to national Swedish Cancer Registry (ICD
7 204.1). 275 patients (1,092 blood cultures) had a preceding diagnosis of CLL.

A bloodstream infection was defined as growth of any microorganism excluding common skin
contaminants. Growth of the same microorganism within seven days was considered as the same BSI
episode. Identified individuals were linked to nationwide Cause of Death Registry to retrieve
information on death and the Swedish Patient Registry to retrieve discharge diagnosis. Depending on
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year of diagnosis individuals were grouped into three separate time periods 1988-1993, 1994-1999,
and 2000-2006.

Survival analysis with BSI as exposure were analysed both as a dichotomous and time-varying
variable. Cox proportional regression models were used to calculate risk hazards in the three different
timer periods. A sensitivity analysis, including patients diagnosed within a year of their bloodstream
infection was made to evaluate potential selection bias. For patients undergoing splenectomy survival
was evaluated in a separate model.

Differences in proportion of BSI between time periods were tested using chi-square test or Fisher’s
exact test. Differences in mean time to blood culture were tested using a t-test.

5.2 RESULTS AND DISCUSSION

5.2.1 Study |

When this study was initiated there was no consensus on antibacterial prophylaxis for dose-intensive
chemotherapies in hematological malignancies (124), except for those at risk of Pneumocystis
jirovecii pneumonia. Our study group had demonstrated, in our center, a low prevalence of bacterial
resistance, stable distribution of pathogens and a stable Gram-positive to Gram-negative distribution.
A Cochrane meta-analysis by Gafter-Gvili et al., first published in 2005 (and later updated in 2007
and 2012) presented a reduced risk by 48% (95% CI 33% to 65%) in infectious related death in the
fluoroguinolone-prophylaxis group compared to placebo; but also significantly with respect to overall
mortality, fever and clinically documented infections (125). Meanwhile reports internationally implied
an increase in Gram-positive bacteria among hematological patients receiving quinolone-prophylaxis
(126), and an increase in fluoroguinolone-resistance in the community (127).

For above reasons, we therefore performed study I. Between 2002 and 2008 we found 794 relevant
isolates in 463 patients, making 667 bacteremia episodes (Table 1). Compared with earlier published
results from the same institution 1980-1986 and 1988-2001 the proportion of positive blood cultures
and ratio Gram-positive to Gram-negative were stable. Polymicrobial bacteremia was also common
(13.7%).

The 7- and 30 day crude mortality rates were 5.2% (35/677) and 13.6% (92/677) and polymicrobial
bacteremia was found in 26% and 18% of those who died within 7 and 30 days, respectively.
Internationally the death rates were comparable with the literature (128), and the associated increase
of polymicrobial bacteremia among serious outcomes in neutropenic fever, well known (129). In our
center practice has been not to give fluoroquinolone-prophylaxis 2002-2008. Nevertheless, we saw a
significant increment of resistance among E. faecium, Enterobacter spp. and E. coli.; and found more
resistant E. coli among patient who died within 30-days of bacteremia.

Fluoroquinolone-prophylaxis use in hematological treatment has remained an issue of discussion. A
new meta-analysis presented by Imran et al of only placebo controlled trials showed a non-statistically
reduced mortality risk with fluoroquinolone-prophylaxis in patients with neutropenia (130).
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Table 1 Bacterial isolates (n=794) and distribution of Gram-positive to gram-negative (53.1% vs 49.9%) between 2002 and
2008 (58)

Gram-negative bacilli, No.(%") Gram-positive bacteria, aerobes  No.(%")

aerobes

E. coli 141 (17.8) Coagulase-negative staphylococci 117 (14.7)
Klebsiella spp. 78 (9.8) Viridans streptococci 111 (14.0)
Enterobacter spp. 43 (5.4) B-hemolytic streptococci® 15 (2.0)
Pseudomonas spp. 42 (5.3) E. faecium 61 (7.7)
Citrobacter spp. 10 (1.3) E. faecalis 11 (1.4)
Stenotrophomonas maltophilia 6 (0.8) S. aureus 55 (6.9)
Proteus spp. 3(0.4) S. pneumonia 18 (2.3)
Acinetobacter spp. 1(0.1) Listeria spp. 2(0.3)
Haemophilus influenzae 2(0.3) Bacillus spp. 5(0.6)
Morganella spp. 2(0.3) Enterococcus spp® 3(0.4)
Serratia marcescens 1(0.1) Other gram-positive bacteria® 9(11)
Other Gram-negative bacilli? 20 (2.5)

Gram-negative anaerobes Gram-positive anaerobes

Bacteroides spp. 14 (1.8) Clostridium spp. 14 (1.8)
Fusobacterium spp. 4 (0.5) Other gram-positive anaerobes not typed 1(0.1)
Other gram-negative anaerobes® 5(0.6)

'Due to rounding, not all percentages add up to 100%

20Other Gram-negative bacilli includes Moraxella spp., Neisseria spp., Capnocytophaga spp., Aeromonas spp., Hafnia alvei, Rosemonas gilardii, Salmonella
Hadar, Sphingomonas paucimobilis, Gram-negative bacillus not typed;

30ther Gram-negative anaerobes includes Veillonella spp., Leptotrichia spp., and Gram-negative anaerobes not typed;

“B-hemolytic streptococci includes B-hemolytic streptococci group A+B+D+G;

SEnterococcus spp excluding E. faecalis and E. faecium;

50ther gram-positive bacteria including Lactobacillus spp., Corynebacterium spp. Rothia mucilaginosa, Gram-positive not typed, Stomatococcus
mucilaginosus, Gemella spp.

There is a concern of fluoroguinolone prophylaxis leading to more bacterial resistance and more use
of carbapenems (131). Even so, growing resistance must take the whole community in account when
evaluating changing patterns (132). Increased resistance can lead to increased mortality and lack off
prophylactic effect (133). In centers with high resistance discontinuation of prophylaxis has led to
mixed outcomes regarding infectious complications, but reduced resistance (134, 135). Upon
reinstitution of prophylaxis, fever episodes and resistance levels reassumed to pre-discontinuation
levels (136) .

5.2.2 Study i

Treatment for CLL has evolved during the last two decades, even more in the last years. Standard
treatment now constitute not only of chemotherapy, but also of immunotherapy and small molecules
interfering cell-signaling.

In study 11, the biggest study based on high quality registries on BSI in CLL, we found a decrease in
positive blood cultures in patients between 1998-2008. We speculate that the more effective treatment
in recent years, with deeper responses and longer time to next treatment, is behind the reduction of
positive blood cultures. The distribution of bacterial species was stable, as was the proportion of
Gram-positive to Gram-negative bacteria which is reassuring. Here again, there has been reports of
increasing Gram-negative bacteremia as a consequence, most likely, of decrease use of indwelling
accesses and antibiotic prophylaxis. Dominating BSI pathogens were E. coli, S. pneumoniae, P.
aeruginosa, S. aureus and viridans streptococci. CoNS was the most frequent detected microorganism
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in blood cultures, but is a frequent contaminant; and analysis were made with or without common
contaminants of BSI.

As intuitively foreseen, we demonstrated that BSI was associated with worse prognosis, especially
during the last time period. Splenectomies did not affect prognosis for patients with CLL and BSI, but
power to detect this was hampered by low numbers. We speculate if the introduction of
immunotherapy could negatively affect the adaptive immune response. By doing that, a BSI
prevailing the non-specific immune response has a more dismal prognosis. The study is also important
for future comparisons of infectious complications with the new therapies for CLL that are in late
phases of clinical trials.

6 PROSPECTIVE COHORT STUDIES (lll, IV)
6.1 MATERIAL AND METHODS

6.1.1 Study Il

Patients with hematological malignancies fit for dose-intensive chemotherapy between 2013 and 2014
at HCK Solna were eligible for enrollment. Patients could be included at any time point during their
treatment phase, but predominantly and especially for AML, inclusion was made before
commencement of chemotherapy. In all 33 patients were included in the study; 19 patients with AML
and 14 with other aggressive hematological malignancies.

Included patients were sampled with 2 EDTA tubes at different time points; 1) at diagnosis 2) at
neutropenic fever before initiation of antibiotics 3) follow-up samples to fever-onset sample (only for
AML), and 4) persisting fever during broad spectrum antibiotic treatment. Patient data was extracted
retrospectively.

Bacterial DNA extraction was done within 1-24 hours with MolYsis Complete 5 kit (Molzym Life
Science, Bremen, Germany). All samples were checked for 16S rRNA gene positivity. Positive
samples were then subject for library preparation with primer pair covering the V1-V3 regions of the
16S rRNA, and processed to a 2x300bp paired end (PE) sequencing on an lllumina MiSeq instrument.
Reads below Q20 and 246bp, and unmerged PE and chimeras were removed. Subsequent overlapping
PE reads were merged and phylogenetically analysed. Abundance was calculated from reads within
the different clusters. Presentation of bacteria in the study required sample to contain at least 0.5% of
the total operational taxonomic unit (OTU)-assigned reads in each sample.

6.1.2 Study IV

From the same cohort as in study 111, 8 out of 19 patients with AML that had full availability of results
from inclusion, fever onset, and follow up samples were selected for shotgun metagenomics.

Bacterial content was extracted with MolYsis and 1 pg eluted DNA was enriched with NebNext (New
England Biolabs, Ipwich, MA, USA). 10 ng DNA was then subject for multiplex displacement
amplification and 2 g for library preparation with Nextera XT Kit and subsequently sequenced on
HiSeq 2500 instrument. Received data reads were then bioinformatically processed using the Fastx
toolkit; for disregarding shorter than 30bp reads and low quality reads; Flash software merged PEs
and, RTG Core 3.4 was used to map sequencing reads against microbial databases and to filter against
the human genome. The ARG-ANNOT database was used to detect antibiotic resistance genes and the
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gene ontology analysis was completed using the Blast2Go v3 software. Mann-Whitney U-test was
performed to detect statistical significance.

6.2 RESULTS AND DISCUSSION

6.2.1 Study Il

Standard diagnostics for BSI, mainly blood culture and PCR-techniques has several limitations as
already stated. NGS is a quickly growing field, allowing billions of reads in a few days’ time. At the
time of publication, the bacterial landscape of bloodstream infections in patients with hematological
malignancies and neutropenia was unexplored.

130 samples were analysed; 27 from AML patients at diagnosis, 38 at fever onset, 41 during follow up
and 24 due to persistent fever (Figure 8). 16SrRNA positivity was 23.7% (9/38) for fever onset, 7.3%
(3/41) for follow up and 29.2% (7/24) for persisting fever and in none of the inclusion samples. Blood
cultures were positive in 15.4% (10/65); 21.1% (8/38) at fever onset and 8.3% (2/24) in persisting
fever and none in follow up samples.

Sequencing yielded 2,764,592 reads assigned to bacterial OTUs. Five bacterial phyla: 55.2%
Proteobacteria (Gram-negative bacteria like Pseudomonas and Escherichia), 33.4% Firmicutes
(mostly Gram-positive normal flora like Staphylococus and Streptococcus, 8.6% Actinobacteria
(Gram-positive bacteria found in the environment, potentially opportunistic pathogens like
Corynbacterium), Fusobacterium 0.4% (anaerob Gram-negative potentially opportunistic pathogens
normally found in the oral flora, like Leptotrichia and Fusobacterium) and 0.1% Bacteroidetes
(Gram-negative bacteria in soil, gut and oral flora; potentially opportunistic pathogens like
Alloprevatella and Bacteroides) (Figure 9).
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Figure 9. Distribution of phyla from sequences in all samples (A) per sample (B)
and from those with positive blood culture (C) (137).
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From the 5 phyla, 30 genera were identified and all previously isolated from BSI, except Pelomonas,
which, however recently was found in the endometrial bacterial community (138) (Figure 10). The
notion that identified bacteria belonged to the normal human microbiota supports the idea of
translocation of bacteria playing a pivotal role in inflammation associated with sepsis. Another notion
is that the Shewanella genus (previously Pseudomonas) was detected in 80% of the samples.
Shewanella bacteremia, although well described, is not routinely diagnosed with standard methods
and could constitute one of more underdiagnosed microorganisms in BSI found in our material.

NGS was also able to estimate efficacy of antibiotics, calculated as change in reads, but also identify
bacterial DNA content in patients with ongoing antibiotics, as shown in the persisting fever group
when comparing NGS with blood cultures. This is most probably due to non-cleared non-functional
bacterial DNA in the blood. This type of translocation of bacterial content is most likely to be
involved in the host’s response to bacteria, and might thereby help our understanding of sepsis.

— Proteobacteria

—— Firmicutes
Actinobacteria
Bacteroidetes

—— Fusobacterium

—— Species
Most prevalent
species
Genus
Normal flora

Human pathogen

IC patients/
nosocomial infections

Environmental/
unclear taxonomy

Allpprevotella

lopr o
Porphyromonas sanguinis

Figure 10. Bacteria on the species level detected with NGS (137).

6.2.2 Study IV

As expected with shotgun metagenomics, analysis yielded more reads, compared to the 16sSRNA
study. Out of the 27 samples; 1 sample was from inclusion, 9 samples were from fever onset (day 0,
before antibiotic treatment), 7 samples were from the day after antibiotic commenced, and 11 samples
were from day 1-5. In 2 patients no microbial content was found (Figure 11). No microorganism was
detected in 2 of the fever onset samples, in 1 of the persistent fever samples and in 6 of the follow up
samples.

Antibacterial treatment only caused, as foreseen, a significant effect on Shannon’s diversity index for
bacteria. In follow up samples bacterial reads were very low.
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Figure 11. (A) Distribution of sequencing reads. (B) Distribution microbes detected by NGS. Sample
category in color and numbers reflecting occurrence (139).

Distribution of reads for bacteria, fungi and viruses are depicted in Figure 12. Propionbacterium acnes
dominated in fever samples, but was not found at all in follow up samples. Persistent fever samples
were dominated by Corynbacterium spp., Dolosigranum pigrum and Staphylococcus spp.. All species
should have been susceptible to given antibiotics, and a contamination can therefore not be ruled out.
The most reoccurring bacteria in persistent fever samples was Streptococcus spp., also covered by
given antibiotics, could mean a reinfection as the reads were repeatedly low in these samples.
Acinetobacter, known for acquiring resistance mechanisms was found in 5 samples from 2 patients,
and most reads were found among samples obtained at persistent fever. Fusarium oxysporum reads
dominated and was the most frequent fungi at all time-points for sampling. Also, Aspergillus spp. was
detected in one sample with persistent fever. All patients received posaconazole, known to be
effective against Aspergillus spp. but resistance can occur against Fusarium spp.. Phages, most
probably resulting from dead bacteria, were more common in persistent fever than fever onset. No
certain neutropenia specific virus was detected.
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Figure 12. (A) Distributions of bacterial reads at different time points (bacterial taxa with reads of <1% in a sample not
shown) (B) fungal reads (C) and viral reads. Numbers within the pie charts indicate the number of samples positive for the
given pathogen (139).
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7/ CONCLUDING REMARKS

From the retrospective studies, first on a diverse cohort of hematological malignancies and later on a
CLL-specific cohort, we have found stable distribution of pathogens and mortality over time;
corroborating other international reports. The reported increase in fluoroguinolone-resistant E. coli in
blood cultures is in parallel with the trend in our hospital, and nationally reported data. It is my
personal opinion that the more liberal use in the last decade of fluoroguinolone-prophylaxis in
hematological malignancies lacks good scientific support. In awaiting future prospective comparative
trials fluoroquinolone-prophylaxis should only be used for the very high risk patients. For optimal use
of antibiotics; more should be done for endorsing adherence to existing guidelines and development of
technical tools aiding clinical work.

Next generation sequencing, as opposed to traditional infectious disease diagnostics, requires little or
no prior knowledge of possible findings. Our prospective studies have given us novel insight into
unculturable bacteria as well as culturable microorganisms; and dynamics of infectious episodes.
Clinically, many microbiological diagnostic methods can be replaced by NGS. However, NGS for
microbial detection need to improve in: timeliness, cost, sensitivity, discriminative power, and
complexity of data analysis and interpretation; before being clinical useful. Nonetheless, it is my belief
that NGS in the future will learn us much more about the important microbiome-host interaction, the
panorama of pathogenic microorganisms and their management.
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8 POPULARVETENSKAPLIG SAMMANFATTNING

Blodcancer ér den fjarde vanligaste cancerformen och en ledande orsak till cancerrelaterad dod i
Sverige. Patienter med blodcancer tvingas ofta till tuffa behandlingar, som i princip alltid upprepas
under lang tid. Grundsjukdomen och dess behandlingar; ofta kombinationer av cellgifter, stralterapi,
malstyrda antikroppar och stamcellstransplantation, leder till sankt immunférsvar. Nedsatt
immunforsvar ar forenat med infektioner som i sin tur kan leda till exempelvis blodforgiftning, sankt
livskvalité och dkad risk for ohélsa och déd. Att drabbas av en blodférgiftning med virus, svamp eller
bakterie tillhor den absolut allvarligaste infektionskomplikationen som patienter med hematologisk
malignitet kan drabbas av. Utan korrekt antimikrobiell behandling dkar dodligheten markant for varje
timme. Dagens diagnostiska metoder for blodférgiftning vilka ar relativt oférandrade under de senaste
decennierna, ar langsamma och féngar upp bara en brékdel av attackerande mikroorganismer. Aven
om forebyggande antimikrobiell behandling med till exempel antibiotikaprofylax minskar risken for
infektiosa komplikationer ar risken anda inte forsumbar. I handelse av misstankt infektion tvingas
darfor ofta behandlande lakare att inleda kraftfull antimikrobiell behandling innan svar pa eventuell
mikrobiologisk diagnostik finns tillgangligt. Hog antibiotikaforbrukning leder till 6kad
antibiotikaresistens, som i sin tur leder till minskad effekt av antibiotikabehandling och darmed 6kad
dadlighet. For att forbattra varden vid blodforgiftning ar det viktigt att ha god kunskap om vilka
mikrobiella organismer som drabbar patienterna, att kénna till antibiotikaresistenslaget bland vanliga
bakteriefynd och att utveckla béttre diagnostiska verktyg.

Ar 2003 publicerades mikrobiologiska fynd vid blododlingar tagna 1988-2001 p& hematologens
slutenvardavdelning vid Karolinska Universitetssjukhuset i Solna. Studien pavisade i huvudsak stabil
distribution av bakteriella arter i blododlingar och oférandrad lag férekomst av antibiotikaresistens.
Nya studier 2003-2008 beskrev 6kad resistensproblematik savél nationellt som internationellt, och var
restriktiva strategi avseende antibiotikaprofylax kunde ifragasattas.

Studie I beskriver blododlingsfynd hos patienter med hematologisk malignitet som vardats pa
hematologens slutenvardavdelning vid Karolinska Universitetssjukhuset i Solna 2002-2008. | Studie |
jamférs ocksd namnda resultat med historiska data (1980-2001) frn samma institution. Aterigen
noteras stabil distribution av bakteriella arter, en viss 6kning av antibiotikaresistens hos tarmbakterier
sasom E. coli, Enterobacter spp. och Enterococcus faecium. Studien visar att flera olika bakterier i
blodet vid blodférgiftning &r vanligt forekommande och forenat med 6kad dédlighet. Dodligheten 7
respektive 30 dagar efter en blodforgiftning ar 1ag, dven vid en internationell jamforelse. Dodligheten
ar okad hos patienter med resistent E. coli i blodet jamfort med patienter med E. coli utan
resistensproblematik. Studien bekraftar ocksa att det inte fanns nagra tecken pa att vi under aktuell
period borde ha dvergivit var kliniks restriktiva antibiotikaprofylaxpolicy.

Kronisk lymfatisk leukemi (KLL) &r den vanligaste kroniska leukemin i vastvarlden.
Cancerbehandlingen mot KLL har under aren forandrats. Inte minst pa senare ar har flera nya
behandlingsalternativ tillkommit. Studie 11 utgar fran patienter som pavisats ha en bakterie i blodet
vid analys pa Mikrobiologen vid Karolinska Universitetssjukhuset, 1988-2003. Studie Il visar att E.
coli, S. pneumoniae, Pseudomonas aeruginosa, S. aureus, och viridans streptococci ar de vanligast
forekommande bakterierna vid blodforgiftning vid KLL. Resultaten fran studien kommer att fungera
som viktig referens i framtiden, da nya cancerbehandlingars komplikationer i form av
blodférgiftningar ska analyseras.
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I studie 111 tillampas en ny teknologi for att identifiera arvsanlag fran bakterier i blodet. Prov fran
patienter med hematologisk malignitet och nedsatt immunfdrsvar togs i samband med feber.
Traditionell diagnostik av blodférgiftningar, d.v.s. blododlingar, begrénsas av att alla bakterier inte
lika latt tillater sig att odlas fram och att det ar svart med blododling att pavisa mer an en bakterie.
Med den nya tekniken, som vi ar forst i varlden med att applicera pa hematologiska patienter med
infektion, kunde fler bakterier identifieras, aven under pagaende antibiotikabehandling. Studien ger en
fingervisning om mekanismer som kan vara aktuella for de patienter som har kvarstaende feber trots
tillsynes korrekt antibiotikabehandling.

| Studie 1V anvénde vi sharlik teknologi som i studie I11, men har letade vi férutom efter arvsanlag
fran bakterier i blodet aven efter arvsanlag fran svampar och virus. Studien beskriver bland annat
dynamiken vid feberepisoder, d.v.s. hur forekomst av infektionsalstrande mikroorganismers arvsanlag
stiger och sjunker i blodet som svar pa antimikrobiell behandling. Vidare ges spekulativa forklaringar
till nagra av de episoder av oférklarlig feber trots kraftfull antimikrobiell behandling som vi som
Kliniker ser hos denna patientgrupp.
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Abstract

Background: Bacteremia is a major cause of morbidity and mortality in patients with hematological malig-
nancies. Objectives: The aim of this study was to define temporal trends in species distribution, antimicro-
bial susceptibility, and all-cause mortality in bacteremic hospitalized patients receiving no antibacterial
prophylaxis during chemotherapy-induced neutropenia. Methods: A total of 677 clinical episodes of bacter-
emia were identified in 463 patients during 2002-2008, and the results were compared with those pub-
lished from the same institution during 1980-86 and 1988-2001. No major changes in patient selection
were introduced during this period. Results: Between 2002 and 2008, the dominating pathogens were
Escherichia coli (18%), coagulase-negative staphylococci (15%), viridans streptococci (14%), Klebsiella
spp. (10%), and Enterococcus faecium (8%). The 7-d crude mortality rate was 5.2%. Polymicrobial bacter-
emia was seen in 25.7% of the patients who died within 7 d and in 13.1% of the survivors (P = 0.04).
Acquired resistance was rarely observed, but a statistically significant increase in ciprofloxacin resistance
in E. coli was observed. Comparing 2002-2008 with historical data from the same institution, the propor-
tion of Gram-positive isolates remained stable at 53-55% from 1988. Conclusions: The avoidance of fluor-
oquinolone prophylaxis may have contributed to a stable proportion of Gram-positive bacteremia. The
crude mortality was low in an international perspective. Acquired resistance was uncommon, but ciproflox-
acin resistance in E. coli increased significantly. We believe that an indiscriminate use of antibacterial pro-
phylaxis could be avoided in neutropenic patients without a negative impact on mortality.
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Infectious complications are still a major cause of mor-
bidity and mortality in patients with hematological
malignancies, as a consequence of chemotherapy and
other immunosuppressive treatment. A prompt and ade-
quate antimicrobial treatment approach may prevent life-
threatening complications and avoid delay or limitations
of planned antineoplastic treatment (1-3). Bacteria are
the most common cause of severe infections, and in
about one-third of the episodes of neutropenic fever,
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bacteremia is diagnosed. Bacterial epidemiology of infec-
tions and antibiotic policy should be strictly monitored,
particularly in hematological units where prophylactic
and widespread use of empirical therapy may modify the
ecology of pathogens (4). Moreover, the main mecha-
nism of inducing antibiotic resistance is pressure second-
ary to antibiotic use (5-7).

The general trend during the last two decades has been
a gradual replacement of Gram-negative bacilli by
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Gram-positive cocci as the major cause of bacteremia
(8-14). The relative reduction in Gram-negative organ-
isms is probably due to the impact of fluoroquinolone
prophylaxis, increased use of indwelling catheters, and
intensified chemotherapy (4, 15, 16). In addition, multi-
resistant pathogens have become an increasing problem
in many healthcare institutions, not the least in hematol-
ogy units (17-19).

There are limited published data on the bacterial spe-
cies distribution and antimicrobial resistance in neutrope-
nic hosts who are not exposed to antibacterial
prophylaxis. At the Karolinska University Hospital,
Solna, culture results have been computerized since 1988,
and antibiotic prophylaxis has been used only to a very
limited extent. The panorama of hematological disorders
and their treatment has not dramatically changed. The
exceptions are chronic myelogenous leukemia, where
patients are being hospitalized less frequently following
the introduction of tyrosine kinase inhibitors and B-cell
lymphomas, for which anti-CD20 monoclonal antibodies
have increased survival rates. The center offers the full
range of hematological treatments apart from allogeneic
stem cell transplantation, (which is carried out at another
campus of the hospital). We therefore considered a com-
pilation of our microbiological data on bacteremia to be
of value. At the same time, we wanted to study trends of
emergence of resistance and the impact of bacteremia on
mortality.

Patients and methods

Study population

The focus of this study was 10 071 blood cultures from
1855 patients sampled between 2002 and 2008. All
patients were treated in the hematology ward of Karo-
linska University Hospital, Solna, Sweden. Our tertiary
urban hospital offers patients receiving neutropenia-
inducing chemotherapy fast, direct access to medical ser-
vices. For temporal trends, a comparison was made with
already published data from 1980 to 1986 (20) and from
1988 to 2001 (21). All patients had a hematological dis-
order with approximately 1/3 being malignant lym-
phoma, 1/3 being acute leukemia, and 1/3 being multiple
myeloma and chronic lymphocytic leukemia. Cancer-spe-
cific treatments followed national and international
guidelines. All cancer-specific treatments were given at
the ward or at the associated day-care unit. We used our
laboratory information system (LIS) to search for blood
cultures from the hematology department. A small pro-
portion of hematological patients were sampled in the
emergency department and therefore were potentially
missed in the LIS search. To estimate that proportion of
blood cultures, we identified all hematological patients
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with a positive blood culture, drawn in the emergency
department, containing Klebsiella spp., Pseudomonas
spp., and Enterobacter spp. Finally, we compared the
number of isolates belonging to the aforementioned spe-
cies in patients sampled in the hematology department
with the number of isolates from patients sampled in the
emergency room.

Ethical approval for this study was obtained from the
Karolinska Institutet Review Board (recordal 2009/1851-
31/4), and the study was conducted in accordance with
the Helsinki Declaration of 1975.

Antimicrobial treatment, laboratory methods, data
extraction, and statistical analysis

Empirical antibiotic treatment during 2002-2008 has
been in accordance with national and international
guidelines and also guided by local pathogen surveillance
programs. As first-line empirical treatment monotherapy
with ceftazidime, piperacillin-tazobactam, imipenem or
meropenem was used. Antiviral prophylaxis using acyclo-
vir 400 mg orally three times daily and antimycotic pro-
phylaxis using fluconazole 100 mg orally once daily were
routinely given to patients expected to obtain absolute
neutrophil counts below 0.5 x 10°/L for more than 7 d.
Antibacterial prophylaxis was given only in special cases,
as for example, a preceding documented Gram-negative
bloodstream infection.

Blood cultures were performed with a minimum of
two samples, with at least one retrieved from a periph-
eral vein. Then, 5-8 mL blood was inoculated into each
blood culture bottle, one anaerobic and one aerobic from
each site. Until 1993, a regular, manual aerobic and
anaerobic blood culture system with agar slants was
used. The cultures were incubated for 7 d. On signs of
growth, subculture was performed, and the recovered
isolate was subjected to species determination following
established laboratory procedures. From 1993 onwards,
the commercial BacT/Alert 3D system with aerobic and
anaerobic bottles was used (bioMérieux, Marcy I’Etoile,
France).

Bacteremia was defined as an infection manifested by
(1) the presence in at least one blood culture of bacteria
other than skin contaminants (i.e., Corynebacterium spp.,
Bacillus spp., Propionibacterium spp., and coagulase-
negative staphylococci [CoNS]) or (2) the presence in at
least two blood cultures from the same fever episode of
any bacterial species. The date of the first positive blood
culture (index culture) was regarded as the date of bac-
teremia onset. Infections were classified as polymicrobial
if two or more different species were recovered from
specimens drawn within 24 h, regardless of whether the
isolates came from the same or different blood culture
sets. Growth of the same microorganism in a new culture
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after a period of 27 d from the index culture was consid-
ered as a new infectious episode (22).

For statistical analysis comparing categorical variables,
we used the two-tailed Fisher’s exact test. P-values
<0.05 were considered statistically significant.

Antimicrobial susceptibility

For all strains isolated, the antibiograms were primarily
determined with the disk diffusion method standardized
according to the Swedish Reference Group for Antibiot-
ics (SRGA) (23). Isolates were classified either as suscep-
tible (S), intermediate (I), or resistant (R), according to
the SRGA breakpoints. Since 1998, the clinical microbi-
ology laboratory at the Karolinska University Hospital
has been fully computerized regarding the registration of
requests and the reporting of results (ADBakt, Autonik
AB, Skoéldinge, Sweden). The infection was considered
caused by an organism with acquired resistance (I or R)
if resistance to defined antibiotics was observed in iso-
lates belonging to the following species: imipenem, piper-
acillin-tazobactam or metronidazole for anaerobic
bacteria.; imipenem, piperacillin—tazobactam, ceftazidime
or ciprofloxacin for Enterobacteriaceae and Pseudomonas
spp.; vancomycin for Enterococcus faecium, isoxazolyl-
penicillin  for Staphylococcus aureus; trimethoprim—
sulfamethoxazole for Stenotrophomonas maltophilia; and
benzyl-penicillin for viridans streptococci, f-hemolytic
streptococci, and Streptococci pneumonia. Owing to the
lack of adequate methodology for studying low-grade
vancomycin resistance in staphylococci in previous years
(disk diffusion can only detect high-grade resistance), a
proper comparison of resistance levels could not be con-
ducted (24).

Results

Characteristics of the period 2002-2008

A total of 10 071 blood cultures were drawn during
2002-2008, out of which 15.3% were positive. Excluding
negative results, contaminants, and duplicate results dur-
ing the same infectious episode, a total of 677 episodes
of bacteremia in 463 patients in the hematology ward
were observed during the period.

The dominating pathogens were Escherichia coli
(18%), CoNS (15%), viridans streptococci (14%), and
Klebsiella spp. (10%). The proportion of Gram-positive
isolates was 53% and Gram-negative 47% (Table 1).

Polymicrobial bacteremia within 24 h was seen in
13.7% (Table 2). Common isolates in polymicrobial epi-
sodes, with occurrence >4 times, were £E. coli with
Klebsiella spp., CoNS with viridans streptococci, viridans
streptococci with E. coli, and E. coli with Pseudomonas
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Table 1 Isolated pathogens 2002-2008; 667 episodes in 463 patients

Pathogen' No. (%)
Gram-negative bacilli, aerobes (46.9)
Escherichia coli 141 (17.8)
Klebsiella spp. 78 (9.8)
Enterobacter spp. 43 (5.4)
Pseudomonas spp. 42 (5.3)
Citrobacter spp. 10 (1.3)
Stenotrophomonas maltophilia 6 (0.8)
Proteus spp. 3(0.4)
Acinetobacter spp. 1(0.1)
Haemophilus influenzae 2 (0.3)
Morganella spp. 2 (0.3)
Serratia marcescens 1(0.1)
Other Gram-negative bacilli 20 (2.5)
Gram-negative anaerobes 23
Bacteroides spp. 14 (1.8)
Fusobacterium spp. 4 (0.5)
Other Gram-negative anaerobes 5 (0.6)2
Gram-positive bacteria, aerobes (63.1)
Coagulase-negative staphylococci 117 (14.7)
Viridans streptococci 111 (14.0)
f-hemolytic streptococci 15 (2.0)°
Enterococcus faecium 61 (7.7)
E. faecalis 11 (1.4)
Staphylococcus aureus 55 (6.9)
S. pneumoniae 18 (2.3)
Listeria spp. 2 (0.3)
Bacillus spp. 5 (0.6)
Enterococcus spp. 3(0.4)*
Other Gram-positive bacteria 9(1.1)°
Gram-positive anaerobes 15
Clostridium spp. 14 (1.8)
Other Gram-positive anaerobes not typed 1(0.1)

"Other Gram-negative bacilli include Moraxella spp., Neisseria spp.,
Capnocytophaga spp., Aeromonas spp., Hafnia alvei, Rosemonas gilar-
dii, Salmonella Hadar, Sphingomonas paucimobilis, Gram-negative
bacillus not typed,;

2Other Gram-negative anaerobes include Veillonella spp., Leptotrichia
spp., and Gram-negative anaerobes not typed;

3p-Hemolytic streptococci include f-hemolytic streptococci group
A+B+C+G;

4Enterococcus spp. excluding E. faecalis and E. faecium;

5 Other Gram-positive bacteria include Lactobacillus spp., Corynebacte-
rium spp. Rothia mucilaginosa, Gram-positive not typed, Stomatococcus
mucilaginosus, Gemella spp.

spp. We also looked at the alternative to include isolates
within 72 h as constituting one bacteremic episode. How-
ever, very few additional isolates were found by increas-
ing the inclusion time from 24 to 72 h, and no statistical
difference in species distribution in polymicrobial epi-
sodes was seen.

The 7- and 30-d crude mortality rates were 5.2%
(35/677) and 13.6% (92/677), respectively. Among the
35 patients who died within 7 d, 12 patients had a diag-
nosis of acute leukemia, 10 aggressive lymphoma, eight
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Table 2 Isolates included in polymicrobial bacteremic episodes (iso-
lated within <24 h), in the order of occurrence

Pathogen Occurrence of No. isolates in % of all
combination polymicrobial  polymicrobial
of isolates episodes isolates

Escherichia coli 7 32 15.3

Klebsiella spp. 25 12.0

CoNS 7 20 9.6

Viridans streptococci 38 18.2

E. coli 5 32 15.3

Viridans streptococci 38 18.2

E. coli 4 32 15.3

Pseudomonas spp. 13 6.2

Viridans streptococci 3 38 18.2

f-hemolytic 7 3.3

streptococci’

Klebsiella spp. 3 25 12.0

Enterobacter spp. 8 3.8

Enterococcus faecalis 3 6 2.9

CoNS 20 9.6

Other <2 60

Total 209

' p-Hemolytic streptococci including b-hemolytic streptococci group

A + B + C + G; Other includes Citrobacter spp., Stenotrophomonas
maltphilia, Proteus spp., Morganella spp., Moraxella spp., Capnocytoph-
aga spp., Hafnia alvei, Bacteroides spp., Fusobacterium spp., Veillonella
spp., Leptotrichia spp., Enterococcus spp, S. aureus, S. pneumonia,
Rothia mucilaginosa, Gram-positive anaerob bacillus not typed, Gemella
spp., Gram-positive bacillus not typed and Gemella spp.

myeloma, three chronic lymphoctic leukemia, and one
patient aplastic anemia and myelodysplastic syndrome,
respectively. No bacteremia-associated mortality was
recorded in patients undergoing autologous stem cell
transplantation. A similar distribution of diagnoses was
seen among patients who died within 30 d. Polymicrobial
bacteremia was seen in 26% (9/35) of the patients who
died within 7 d and in 18% (17/92) of those who died
within 30 d. Polymicrobial bacteremia occurred in 25.7%
(9/35) of patients with fatal outcome and in 13.1%
(84/642) of blood cultures from survivors (P = 0.04).
Among deceased within 7- and 30-d, 71% (25/35) and
70% (64/92) were men, respectively.

In the group of patients who died within 7d (35
patients), 49 bacterial isolates were found. Dominating
pathogens were E. coli (27%, 13 isolates), E. faecium
(13%, six isolates), and Pseudomonas spp. (8%, four iso-
lates). The proportion of Gram-negative bacteremia was
higher in patients who died within 7 d (59%) compared
with survivors (46%), but the difference was not statisti-
cally significant (P = 0.08). Among those deceased
within 30 d (n = 92), 124 isolates were found, dominated
by E. coli (21%, 25 isolates), E. faecium (16%, n = 19),
CoNS (15%, n = 18), and viridans streptococci (10%,
n = 12). There was no statistically significant difference
in the proportion of Gram-negative bacteremias among
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patients who died within 30 d and survivors (48% vs.
47%, P = 0.77).

From those deceased within 7 d, we isolated six strains
with acquired resistance (I or R), three isolates of E. coli
(two ciprofloxacin resistant and one ciprofloxacin plus
piperacillin—tazobactam resistant, respectively), one
Klebsiella spp. (ciprofloxacin), one Pseudomonas spp.
(imipenem), and one Enterobacter spp. (ceftazidime- and
piperacillin—tazobactam).

In patients dying within 30 days, 22 resistant isolates
were identified (I or R), 9 E. coli (six ciprofloxacin resis-
tant, two ciprofloxacin plus piperacillin—tazobactam
resistant, and one piperacillin-tazobactam resistant,
respectively), four viridans streptococci (benzyl-penicillin),
three Pseudomonas spp. (two imipenem and one imipenem
plus piperacillin—tazobactam resistant), two Enterobacter
spp. (ceftazidime- and piperacillin-tazobactam), and one
each of Citrobacter spp. (ceftazidime- and piperacillin—
tazobactam), Klebsiella spp (ciprofloxacin), Veillonella
spp. (piperacillin-tazobactam), and E. faecium (vancomy-
cin). Resistant E. coli was significantly more often isolated
from patients who died (36%, 9/25) within 30 d than in
those who survived (14.9%, 21/141) the bacteremic epi-
sode (P = 0.02).

Temporal trends in patient characteristics and
mortality during a 28-yr period

Between 1988 and 2008, the median age of the patients
increased from 58 to 62 yr, and the male predominance
increased from 58% to 62%.

During the four time periods 1980-1986, 1988—1994,
1995-2001, and 2002-2008, a total of 2,457 (263, 605,
795, and 794, respectively) relevant bacterial isolates were
isolated from 1520 adult patients (129, 383, 545 and
463). During the last three periods, the proportion of
positive blood cultures was stable (16, 17, and 15%,
respectively).

A nonsignificant decrease in 7- and 30-d mortality was
observed in 2002-2008 period compared with the preced-
ing 7-yr period, when crude mortality rates were 6.1%
and 15.1%, respectively.(21) Mortality seemed even
higher in 1980-86, when 26% of the patients with bacter-
emia were considered to have died of infection, but crude
30-d mortality was not presented and could not be calcu-
lated from the published data.

From 1995-2001 to 2002-2008, we observed an
increase in E. coli bacteremia in patients who died both
within 7d (4.7-9.2%, P = 0.24) and within 30 d (12—
18%, P = 0.31). Moreover, a numerical decrease in
CoNS (7.3-2.6% P = 0.14 and 14-15% P = 0.86) and
viridans streptococci (7.6-2.7% P = 0.14 and14-11%
P = 0.54) was observed for the 7- and 30-d crude mor-
tality rate, respectively (Table 3).
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- - Table 3 Common pathogen distribution
7-d mortality 30-d mortality ) ) .
over time in deceased patients
1995-2001 2002-2008 1995-2001 2002-2008
Species No. % No. % No. % No. %
Escherichia coli 6 12.2 13 26.5 15 12.5 25 20.2
Coagulase-negative staphylococci 9 18.4 3 6.1 17 14.2 18 14.5
Viridians streptococci 8 16.3 3 6.1 15 12.5 12 9.7
Enterococcus faecium 7 14.3 6 12.2 14 1.7 19 15.3
Klebsiella spp. 4 8.2 3 6.1 14 1.7 7 5.6
Pseudomonas aeruginosa 4 8.2 4 8.2 6 5 8 6.5
Stenotrophomonas maltphilia 1 14.3 3 6.1 8 6.7 3 2.4
Other 5 10.2 14 28.6 31 25.8 32 25.8
Total 49 100 49 100 120 100 124 100
P-values for difference, not significant.
Table 4 Percentage of different isolated
Pathogen 1980-1986 1988-1994 1995-2001 2002-2008 ) ) ) i
no. 253 no. 605 no. 795 no. 794 species among episodes during four time
periods
Gram-negative bacteria 52.6 45.8 45.0 46.9
Escherichia coli 27.3 16.7 16.0 17.8
Klebsiella spp. 11.8 9.0 9.9 9.8
Enterobacter spp. 2.8 3.3 3.1 5.4
Pseudomonas spp. 6.7 6.3 4.9 5.3
Other Gram-negative bacilli 2 8.4 7.3 5.7
Gram-negative anaerobes 2.0 1.3 1.9 2.9
Gram-positive bacteria 47 .4 54.2 55.2 53.2
CoNS 13.0 21.5 15.6 14.7
Viridans streptococci 13.0 12.7 13.2 14.0
Enterococcus faecium -2 2.8 7.2 7.7
Other enterococcal spp 2.48 2.28 2.8 1.8%
Staphylococcus aureus 95 7.1 10.3 6.9°
Other Gram-positive bacteria 5.6 6.5 4.0 6.2
Gram-positive anaerobes 3.9 2.7 2.6 1.9

"Compared to 1995-2001, when 25 out of 795 were Enterobacter spp., there has been a signifi-

cant increase (P = 0.0352).

2Not specified 1980-86, mostly E. faecalis 1988-2008.
3Enterococcus spp. were only identified to the genus level.
“Enterococcus spp. includes E. faecalis, E. durans, E. gallinarum.

5Compared to 1995-2001, when 82 out of 795 were S. aureus, there has been a significant

decrease (P = 0.0025).

Temporal trends in species distribution and antimicro-
bial susceptibility during a 28-yr period

A significant increase in Enterobacter spp. (from 3.1% to
5.4%) and decrease in S. aureus (from 10.3% to 6.9%)
was seen in the last 7-yr period compared with 1995-
2001. E. faecium increased significantly between the sec-
ond (1988-1994) and third (1995-2001) period and has
remained frequent and stable at 8%. (21) The proportion
of Gram-positive isolates has remained stable at a level
of 53-55% from 1998, increasing nonsignificantly from
1980 to 1986 (47.4%, P = 0.07). (Table 4).

No general increase in resistance among Gram-nega-
tive bacteria was seen when comparing the last 7-yr per-
iod with the previously reported 21-yr time period. Only
the increase in ciprofloxacin resistance in E. coli during

426

the last 7-yr period was statistically significant. In gen-
eral, the prevalence of acquired antimicrobial resistance
according to the predefined definitions was low (Tables 5
and 6).

Blood cultures from hematological patients drawn in
the emergency department vs. blood cultures drawn
in the hematology department

To investigate the potential bias of excluding hematologi-
cal patients with blood cultures drawn from the emer-
gency department, we searched for blood cultures drawn
from hematological patients admitted through the emer-
gency department between 2002 and 2008. We limited
the search to positive cultures with findings of Klebsiella
spp., Pseudomonas spp., and Enterobacter spp. A total of
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Table 5 Resistance of gram-positive bacte-

ia 2002-2008 ISO no. (%) CLI no. (%) GEN no. (%) PCG no. (%) VAN no. (%)
Species
CoNS 83 (71) 46 (39) 47 (40) -
Staphylococcus aureus 2 (3.7) 1(1.8) 0 -
Viridans streptococci - 10 (9.0) - 22 (20) -
Enterococcus faecium - - - - 1(1.6)
E. faecalis - - - - 0

ISO, isoxazolyl-penicillin; CLI, clindamycin; GEN, gentamicin; PCG, benzyl-penicillin; VAN, vanco-

mycin.
Table 6 Resist f - tive bacte-
able b nesistance of grammegative bacte TZP no. (%) CAZno. (%) IPMno(%) CIPno(%) GEN no (%)
ria 2002-2008
Species
Escherichia coli 13 (9.2) 3(2.1) 0 22 (16)" 2 (1.4)
Klebsiella spp. 7 (9.0) 1(1.3) 0 1(1.3) 0
Enterobacter spp. 11 (26) 11 (26) 1(1) 2 (4.7)
Acinetobacter spp. - - 0 0 -
P. aeruginosa 2 (4.8) 0 5(12) 3(7.1) 0

TZP, piperacillin—tazobactam; CAZ, ceftazidime; IPM, imipenem; CIP, ciprofloxacin; GEN, gentami-

cin.

'Significant increase from 2 to 16% (P = 0.0005) compared with 1995-2001.

30 new episodes were identified; 13 of Klebsiella spp., 14
of Pseudomonas spp., and three of Enterobacter spp.
When comparing patients sampled in the emergency
room and in the hematology department, we saw no sta-
tistically significant differences in median age, sex, or
fatal outcome.

Discussion

This is the largest Scandinavian epidemiological descrip-
tion of bacteremia in patients with chemotherapy-
induced neutropenia. Comparing the study period with
the preceding 14 yr, there is a trend toward an increase
in median age, atleast in part attributable to an aging
population. In spite of this, there was a trend, however,
not statistically significant, toward decreased mortality.
In accordance with other studies, males seem to be over-
represented in bacteremia, have a higher incidence of
hematological malignancies, and increased mortality (25—
29).

During the entire time period, comprising almost
30 yr, there has been a negligible use of fluoroquinolone
prophylaxis at our institution and also in Sweden in gen-
eral, contrary to the situation in most high-income coun-
tries outside of Scandinavia. The mortality rates in this
study were lower than in international reports in general,
despite the almost non-existent use of antibacterial
prophylaxis and a relatively high prevalence of Gram-
negative bacteremia and polymicrobial bacteremia (30—
32). In the Cochrane meta-analysis by Gafter-Gvili et al.,
first published in 2005 and later updated 2009, prophy-
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laxis with fluoroquinolones in neutropenic patients
resulted in a significant decrease in the risk of infection-
related death, RR 0.58 (95% CI 0.45-0.74), and in the
frequency of bacteremia (33). Without a head-to-head
comparison, conclusions regarding the bacteremia inci-
dence between published studies are hard to draw. How-
ever, in light of the already low mortality in our material
such a reduction in crude mortality as noted in the Coch-
rane analysis would seem a remarkable achievement in
the case general fluoroquinolone prophylaxis would be
instituted in our institution.

The incidence of the main pathogens in our institution
have remained essentially unchanged, with E. coli,
CoNS, viridans streptococci, Klebsiella spp., E. faecium,
and S. aureus dominating. However, there has been a
significant increase in the incidence of bacteremia with
more resistant bacteria, like E. faecium and Enterobacter
spp. and also with fluoroquinolone-resistant E. coli dur-
ing the last 21 yr. Interestingly, antibiotic-resistant E. coli
was also observed more frequently in patients who died
within 30 d. -Lactam resistance in viridans streptococci
was 20%, and strains with high MIC values to benzyl-
penicillin are fairly often seen, although historical com-
parison could not be made owing to the lack of data. In
general, however, the rates of antibiotic resistance were
low and essentially stable over a monitored period of
28 yr compared with many other countries in the world
(34). Comparing 2002-2008 with the previous 14-yr per-
i0od, there was no shift in the distribution between Gram-
negative and Gram-positive bacteria, probably as a result
of the negligible use of fluoroquinolone prophylaxis.
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Among Scandinavian countries, the levels of antimi-
crobial resistance are similar, but prophylactic antibiotic
use seems to differ (35, 36). Mortality rates in Norwegian
centers are slightly higher than those found in this study.
According to a recent Norwegian publication, Gram-neg-
ative resistance did not contribute to this mortality,
although the absolute number of bacteremia episodes
(n = 95) was small (37). The prevalence of fluoroquino-
lone resistance in E. coli was higher than that reported in
the annual European blood culture statistics for the
entire Sweden (38), but this could be due to methodolog-
ical factors, as the definition of fluoroquinolone resis-
tance has recently changed in Sweden following the
European harmonization of S-I-R categorization. In a
historic material such as this one, isolates with low-level
resistance to fluoroquinolones, which are considered sus-
ceptible in Europe (24), are here considered non-suscepti-
ble. Nevertheless, an increase in fluoroquinolone
resistance has been observed at Karolinska University
Hospital, which probably reflects the increasing resis-
tance to fluoroquinolones in the community. This could
be due to factors such as misuse of fluoroquinolones and
could also be attributable to, for example, veterinary use
of antimicrobials and exposure through food (39). The
impact of fluoroquinolone prophylaxis on the total bur-
den of resistance is probably quite small, but it is still
possible to observe that resistance levels in our study
were in general lower than in centers using fluoroquino-
lone prophylaxis (30, 40).

Polymicobial bacteremia was common in this study and
associated with a significantly higher mortality than mo-
nomicrobial bacteremia. One reason for this is that
polymicrobial infections are common in breakthrough
infection, where mortality is higher than in monomicrobial
infections (41, 42). This is in accordance with a popula-
tion-based Danish study where polymicrobial infection
was associated with increased mortality (43). Extending
the accepted time to 72 h resulted in very few additional
cases of polymicrobial bacteremia or change in distribu-
tion of species. This supports the proposed definition of
definite polymicrobial bacteremia where isolation of more
than one bacterial species from blood cultures obtained
within 24 h is sufficient for the diagnosis (44).

In our study, the 7- and 30 d mortality rates, 5.2%
and 13.6%, respectively, decreased slightly compared
with previous periods. Among deceased patients, the dis-
tribution of pathogens did not significantly differ from
the distribution in surviving patients apart from when
Stenotrophomonas maltophilia was the causative pathogen
(P = 0.01). The trend for E. coli was almost significant
(P = 0.14) among those who died <7 d from a positive
culture. This could be due to the common occurrence of
E. coli in polymicrobial bacteremia. Moreover, resistant
E. coli was significantly more often isolated in patients
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who died within 30-d
(P = 0.02).

Most hematological patients with fever in our hospital
are admitted directly to the hematology ward, but some
patients first seek medical attention via the emergency
department. A limitation to the present study is that
blood cultures drawn from hematological patients in the
emergency department were not included in the analysis.
Thus, there could be a selection bias and external validity
problems. We therefore investigated whether the distribu-
tion of species, age, sex, or crude mortality differed
between hematological patients who had blood cultures
drawn in the hematology ward and in the emergency
department, but no significant differences were observed.
Hence, we believe that the additional cases would not
have had a significant impact on the conclusions.

Our low and slowly decreasing mortality rate could be
regarded to support the correctness of our antibiotic pol-
icy. The prevalence of different pathogens in bacteremia
is essentially stable, but with a significant trend toward
more antimicrobial resistance. Moreover, polymicrobial
bacteremia was common and in accordance with other
studies associated with a higher mortality rate. It is
therefore important to have a high suspicion of antibiotic
resistance in patients who do not respond to the initially
selected antibiotic drug also in centers as ours with lim-
ited resistance problems. At the same time, it is evident
that antibiotic therapy can be shortened and simplified in
a majority of patients who do not have bacteremia or a
serious course, as we have shown previously (45, 46). A
majority of patients can thereby return to their home
with continued outpatient/day-care observations after an
initial inpatient management. This will lead to increased
patient satisfaction and decreased risks of hospital-
acquired infections and emergence of antibiotic resis-
tance. With this policy, fluoroquinolones will be used for
early shift from intravenous broad-spectrum antibiotics
to oral outpatient antibiotics instead of for prophylaxis.

In conclusion, the avoidance of fluoroquinolone pro-
phylaxis may have contributed to a stable proportion of
Gram-positive bacteremia. The crude mortality was low
in an international perspective. Acquired resistance was
uncommon, but ciprofloxacin resistance in E. coli
increased significantly. We believe that an indiscriminate
use of antibacterial prophylaxis could be avoided in neu-
tropenic patients without a negative impact on mortality.

compared with survivors
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Abstract Infectious complications in chronic lymphocytic
leukemia (CLL) represent a major cause of morbidity and
mortality. The aim of the study was to investigate temporal
trends in bloodstream infections (BSIs) among patients with
CLL. Individuals with blood cultures were linked to Swedish
Cancer Registry and divided into three time periods (1988—
1993, 1994-1999, and 2000-2006) according to year of CLL
diagnosis. CLL patients (n=275) with 1092 blood culture
episodes were identified and linked to the nationwide Cause
of Death Registry and Swedish Patient Registry (to retrieve
information on splenectomies). The most common causes of
BSI among CLL patients were Escherichia coli (11/43, 15/78,
and 9/33), Streptococcus pneumoniae (7/43, 13/78, and 6/33),
Pseudomonas aeruginosa (2/43, 8/78, and 3/33),
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Staphylococcus aureus (1/43, 6/78, and 6/33), and Viridans
streptococci (5/43, 6/78, and 2/33). Coagulase-negative staph-
ylococci was the most frequent microorganism found in blood
cultures (22/70, 23/106, and 5/41, respectively) but is a fre-
quent contaminant. Based on the largest study to date on BSI
in CLL patients, we found a stable proportion of Gram-
positive to Gram-negative bacteria and no temporal change
of distribution was observed for BSIs 1988-2006.

Keywords Chronic lymphocytic leukemia - Infections -
Prognosis - Bloodstream infections - Splenectomy

Introduction

Chronic lymphocytic leukemia (CLL) is the most common
leukemia in adults in the Western world with an incidence of
approximately 5 per 100,000 person-years in Sweden [1]. It
affects men approximately twice as frequently as women and
is a disease of older people with a median age at diagnosis of
approximately 71 years. Clinical management of CLL patients
has improved considerably over recent years, to which an
increased use of prognostic markers, introduction of new ther-
apeutic agents and procedures, and improved supportive care
measures all have contributed [2, 3].

Infectious complications have since long been recognized
as a major cause for morbidity and mortality in patients with
CLL [4, 5]. Based on studies from 1970s to 1990s, the overall
mortality from infections ranges from 30 to 50 %; however,
large studies on CLL patients diagnosed in more recent years
are lacking [6]. The pathogenesis of infections in CLL patients
is multifactorial and is related to inherent immune defects and
therapy-related immunosuppression [7]. The inherent immune
dysfunction is characterized by defects in both humoral and
cell-mediated immunity. Cytotoxic chemotherapy also targets
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normal immune cells, thus exacerbating this immunosuppres-
sion. Splenectomy or hyposplenism (secondary to irradiation
to spleen) performed for complications of CLL including au-
toimmune hemolytic anemia or thrombocytopenia,
hypersplenism, and symptomatic splenomegaly is associated
with complex innate and adaptive immune responses [8].
Overwhelming post-splenectomy infection is a rare medical
emergency [9, 10]. Use of alemtuzumab is associated with
neutropenia and reductions in B, T, and NK cells and rituxi-
mab with transient reduction of B cell counts; both antibodies
are associated with increased risk of infections [11].

Apart from data based on clinical trials and smaller case
studies, there is a lack of detailed knowledge on bloodstream
infections (BSIs) in CLL patients, their impact on survival,
and the effect of the anti-tumoral treatments on the distribution
of causative pathogens over time. We thus performed a study,
based on blood cultures sampled from CLL patients which
were analyzed 1988-2006 at the Clinical Microbiology
Laboratory, Karolinska University Hospital Solna, Sweden.
The aims were to identify all culture-verified blood cultures,
to identify potential changes of causative agents over time,
and to record changes in patient survival.

Patient and methods
Data sources and study population

In Sweden, more than 96 % of all new cancers are reported to the
national Swedish Cancer Registry, which was established in
1958 and has a high coverage for hematological malignancies
[1, 12, 13]. Every physician and pathologist/cytologist is obliged
by law to report each occurrence of cancer to the registry.

All blood cultures that were analyzed at the Karolinska
University Hospital’s Clinical Microbiology Laboratory were
identified, and individuals who had at least one blood culture
analyzed between 1988 and 2006 were registered (Fig. 1).
Individuals with a drawn blood culture were linked to the
nationwide Swedish Cancer Registry to identify all persons
diagnosed with CLL. Only CLL patients with a blood culture
drawn at the same date or after CLL diagnosis were included
in the analyses. A positive blood culture included growth of
any microorganism in blood culture. A BSI was defined as
growth of bacteria in blood culture excluding commonly
found contaminants [14]. Growth of the same microorganism
within 7 days was considered as the same BSI episode.

Information from the nationwide Cause of Death Registry
(with data from 1954) was used to retrieve dates of death, and
the Swedish Patient Registry (with data from 1964) was used
to retrieve information on individual patient-based discharge
diagnoses from inpatient and outpatient care [15].

Approval for this study was obtained from the Regional
Ethical Review Board in Stockholm (record 2007/1307-31/5).

@ Springer

Statistical methods

Patient characteristics as well as bacterial findings were ana-
lyzed for three separate time periods of CLL diagnosis (1988—
1993, 1994-1999, and 2000-2006; June 30). To evaluate sur-
vival after diagnosis of CLL, by blood culture pattern, data
was analyzed using survival analysis methods with the event
of interest being all-cause mortality during follow-up. Risk
time was accumulated from date of first blood culture follow-
ing diagnosis until death or December 31, 2009, whichever
occurred first. Time since CLL diagnosis was used as the
underlying timescale in all analyses. Crude mortality rates
(and 95 % confidence intervals [CIs]) were calculated as num-
ber of events per 1000 person-years. The exposure of interest
was a BSI following CLL diagnosis and was analyzed both as
a dichotomous variable (“ever” vs “never”) and as time-
varying (“after” vs “before” or “never”). The effect of having
had a splenectomy on survival was evaluated in a separate
model. To evaluate possible associations, Cox proportional
hazard models were used, yielding hazard ratios (HRs) with
95 % ClIs. The proportional hazard assumption was formally
assessed in all models, and no evidence suggested that this
assumption was violated. Analyses were adjusted for time
since diagnosis, sex, and age at diagnosis. The effect of the
exposure was estimated separately for the three time periods
of diagnosis by including an interaction term in the models.
As a sensitivity analysis, to obtain similar time to first culture
between different calendar periods, the cohort was restricted
to patients diagnosed before June 30, 2005 who had their first
culture within 1 year following diagnosis. Difference in pro-
portion of BSI between time periods was tested using a chi-
squared test or Fisher’s exact test. Difference in mean time to
culture was tested using a ¢ test.

Stata v.12 software was used for the statistical analyses
(StataCorp, College Station, TX, USA).

Results

A total of 275 CLL patients, diagnosed between January 1,
1988 and June 30, 2006, were included in the study. Among
these CLL patients, a total of 1092 blood culture episodes
were identified. The mean time between CLL diagnosis and
first drawn blood culture was significantly shorter in the most
recent time period (6.2, 4.7, and 2.4 years for the time periods
1988-1993, 1994-1999, and 20002006, respectively (p val-
ue <0.001); Table 1).

In the last time period, patients had a significant lower per-
centage of positive blood cultures (51.5, 45.9, and 28.2 %,
respectively (p value 0.007)). Similarly, the percentage of pa-
tients with at least one BSI decreased significantly (38.2, 38.5,
and 22.4 %, respectively (p value 0.033)). In a sensitivity anal-
ysis including only patients diagnosed until 2005 with their
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7,877 hematological cancer patients®

167,831 blood cultures performed
1988-2006"

Info on splenectomies 1964-2009°
Info on death dates 1969-2009*

A

7,570 patients excluded:
3,478 No blood culture
4,017 Not CLL patient

19 Not born [1908-1968]

48 Diagnosed < 1988

7 Diagnosed > June 31, 2006
1 Other®

blood cultures)

307 patients born [1908-1968] who have a diagnosis of
CLL between January 1, 1988 and June 30, 2006-06-30
and at least 1 blood culture 1988-2006 (in total 1,172

—> | 32

32 patients excluded:
No blood culture
at/after diagnosis

Final data for analyses:

Patients who had at least one blood culture at/after
cancer diagnosis: 275 patients (1,092 cultures)

Fig. 1 Flowchart describing the study cohort. *Using the national
registration number unique to all Swedish citizens, individuals with a
drawn blood culture were linked to the nationwide Swedish Cancer
Registry to identify all persons diagnosed with CLL (ICD-7 204.1 with
morphology codes 98223, 98231, 98233, 982335, 982336, or missing
morphology code (not 80003)) between January 1, 1988 and June 30,
2006. "One negative blood culture is defined as a negative culture with no
previous cultures on the same date. One positive blood culture is defined

positive blood culture within a year of diagnosis, the decline
remained statistically significant both for BSI (71.4, 36.4, and
13.8 %; p value 0.008) and for all positive blood cultures (71.4,
50.0, and 24.1 %; p value 0.033; Fig. 2).

Positive blood cultures were observed in 115 CLL patients,
with 215 positive blood cultures for bacteria and two episodes
of candidemia. Dominating bacterial species were coagulase-
negative staphylococci (CoNS) (22 (31 %), 23 (22 %), and 5
(12 %), for the three time periods, Escherichia coli (11 (16 %),
15 (14 %), and 9 (22 %)), Streptococcus pneumoniae (7 (10 %),
13 (12 %), and 6 (15 %)), Pseudomonas aeruginosa (2 (3 %), 8
(8 %), and 3 (7 %)), Staphylococcus aureus (1 (1 %), 6 (6 %),
and 6 (15 %)), and Viridans streptococci (5 (7 %), 6 (6 %), and
2 (5 %)); Table 2). Excluding common contaminants (CoNS,
Micrococcus spp., Corynbacterium spp., Bacillus spp.,
Proprionbacterium acnes, and Gram-positive bacillus (not fur-
ther specified), 152 bacterial BSI (hereafter BSI) episodes (42,
77, and 33 in respective time period) and two episodes of
candidemia were found. Excluding strictly anaerobes and

as a positive culture with no previous positive cultures with the same
finding within the same week. “The centralized Swedish Patient
Registry contains information on individual patient-based discharge
diagnoses from inpatient (since 1964, with nationwide coverage since
1987) and outpatient (since 2000) care. “Information from the nationwide
Cause of Death Registry was used to retrieve dates of death. °Error in
dataset (patient registered dead before blood culture date)

fungi, the percentage of Gram-positive vs Gram-negative bac-
teria remained stable in the three time periods, respectively
(61.4 vs 31.4 %, 54.7 % vs 34.0 %, and 65.9 vs 31.7 %;
Table 2).

Mortality rates and relative risks of death among CLL pa-
tients with at least one positive blood culture or BSI at or
following diagnosis, compared to patients with only negative
blood culture episodes, or negative blood culture episodes
including cultures with finding of contaminants, are presented
in Table 3. In the last time period, mortality among patients
with a BSI was significantly higher compared to patients with
either a contaminant or a negative blood culture (HR=2.52,
95 % CI 1.44-4.41), as well as compared to patients with
negative blood cultures alone (HR=2.44, 95 % CI 1.38-
4.30), when adjusting for time since diagnosis, age at diagno-
sis, and sex. Being splenectomized did not significantly affect
mortality during any of the three time periods (HR=0.97,
95 % CI 0.38-2.48; HR=0.45, 95 % CI 0.19-1.06; and
HR=0.64, 95 % CI 0.25-1.60; Table 3).
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Table 1 Demographic and infection characteristics among CLL patients having at least one blood culture episode at/following diagnosis, by time

period of diagnosis

Year of CLL diagnosis. Number of patients (%)*

1988-1993 1994-1999 2000-2006° Total

Total 68 (100) 122 (100) 85 (100) 275
Sex

Male 39(57.4) 77 (63.1) 66 (77.7) 182
Age at diagnosis (years)

30-39 1(1.5) 2(1.6) 0(0.0) 3

40-49 2(2.9) 1(0.8) 3(3.5) 6

50-59 14 (20.6) 17 (13.9) 7(8.2) 38

60-69 20 (29.4) 36 (29.5) 27 (31.8) 83

70-79 28 (41.2) 44 (36.1) 26 (30.6) 98

80— 3(4.4) 22 (18.0) 22 (25.9) 47
Splenectomy

Yes 6 (8.8) 10 (8.2) 8(9.4) 24
Distribution of patients with one or more blood cultures drawn

1 26 (38.2) 44 (36.1) 33 (38.8) 103

2 11 (16.2) 15 (12.3) 16 (18.8) 42

3+ 31 (45.6) 63 (51.6) 36 (42.4) 130
Distribution of patients with positive 35(51.5) 56 (45.9) 24 (28.2) 115

blood cultures
Distribution of patients with BSI 26 (38.2) 47 (38.5) 19 (22.4) 92

Median age at first culture, irrespective

of result (years)

Mean time to first culture

in years (SD)

73.5 (IQR 66.5-79.5)

6.18 (3.38)

74.0 (IQR 67.0-81.0)

4.67 (3.06)

75.0 (IQR 64.0-80.0)

2.44 (1.76)

74.0 (IQR 66.0-80.0)

Due to rounding, not all percentages add up to 100

° Until June 30, 2006

In a sensitivity analysis, including only patients diagnosed
until 2005 with their first culture within a year of diagnosis, the
mortality rate was higher during 1994-1999 among patients
with a BSI, as compared to patients with a contaminant or a
negative blood culture (HR =2.94, 95 % CI 1.04-8.33), as well

Fig. 2 Proportion positive blood
cultures (BSI and all positive
blood cultures) for the whole
study population (diagnosed
1988-2006) as well as for the
sensitivity analysis (diagnosed
1988-2005 with a blood culture
within a year), at/following
diagnosis by time period of

diagnosis
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as compared to patients with a negative blood culture alone
(HR=5.72, 95 % CI 1.74-18.7). During the same time period,
the mortality rate was also higher comparing all positive blood
cultures to negative blood cultures (HR =3.55, 95 % CI 1.34—
9.44; Table 3, lower panel).
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Table 2 Distribution of positive
blood cultures (n=217 among Type of finding, text 1988-1993 1994-1999 2000-2006"
115 patients), and BSIs (in
brackets), by time period of Frequency  Percent  Frequency  Percent Frequency  Percent
diagnosis
Total Gram-negative, aerobes 22 (22) 31.4 36 (36) 34.0 13 (13) 31.7
E. coli 11 (11) 15 (15) 909
Klebsiella spp. 3(3) 5(5) 1 (D)
Enterobacter cloacae 3(3) 3(3) 0
Pseudomonas aeruginosa 22 8(8) 303)
Haemophilus influenzae 0 1(1) 0
Other Gram-negative aerobes” 3(3) 4(4) 0
Total Gram-positive, acrobes 43 (18) 61.4 58 (32) 54.7 27 (19) 65.9
Coagulase-negative staphylococci 22 (0) 23 (0) 5(0)
E. faecium 1(1) 4(4) 1(1)
E. faecalis 0 1(1) 1(1)
Viridans streptococci® 5(5) 6 (6) 2(2)
S. aureus 1(1) 6 (6) 6 (6)
B-hemolytic streptococci® 303) 1(1) 0
S. pneumonia 7(7) 13 (13) 6 (6)
Other Gram-positive acrobes® 4(1) 4(D) 6(3)
Total strictly anaerobes 4(2) 5.7 11 (9) 10.4 1(1) 2.4
Bacteroides spp. 0 5(5) 0
Clostridium septicum 0 0 1(1)
Other, not specified anaerobes’ 4(2) 6(4) 0
Candida spp.® 1(D) 1.4 1(D) 1.4 0
Total 70 (43) 100.0 106 (78) 100.0 41 (33) 100.0

*Until June 30, 2006

® Other Gram-negative aerobes includes Chryseobacterium meningosepticum, Rhizobium spp., Capnocytophaga
spp., Aeromonas spp., Moraxella spp., and Salmonella typhimurium

®Includes Streptococcus salivarius, Streptococcus mitis, Viridans streptococci (not further specified),
Streptococcus milleri group, Streptococcus bovis, and Streptococcus acidominimus

YIncludes S-hemolytic streptococci group A and G

¢ Other Gram-positive aerobes includes Bacillus spp., B. cereus, Corynebacterium spp., Gram-positive bacillus
(not further specified), Micrococcus spp., and Listeria monocytogenes

fOther, not specified anacrobes, includes Veilonella spp., anacrobic Gram-negative coccus (not further specified),
anaerobic Gram-positive bacillus (not further specified), Propionibacterium acnes, Fusobacterium spp.,
Leptotrichia spp., and Peptostreptococcus spp

& Candida spp., includes Candida lusitaniae and Candida albicans

When analyzing positive blood culture as a time-varying
exposure, mortality was significantly higher among patients
with a BSI both during 1994-1999 (HR=2.59, 95 % CI 1.74—
3.85) and 2000-2006 (HR=3.21, 95 % CI 1.83-5.62;
Table 4). In a sensitivity analysis, the mortality among patients
with BSI was significantly higher (HR=5.07, 95 % CI 1.33—
19.3) in the middle time period (data not shown).

Discussion
In this large study based on 1092 blood culture episodes from

275 CLL patients analyzed between 1998 and 2006 at
Karolinska University Hospital Solna, we found a stable

proportion of Gram-positive to Gram-negative bacteria and
no changes in distribution of bacterial species were observed,
with the dominating BSI pathogens being E. coli,
S. pneumoniae, P. aeruginosa, S. aureus, and V. streptococci.
CoNS was the most frequently detected microorganism in
blood cultures but is a frequent contaminant. Our study is of
importance given concerns of infectious complications using
new treatment options and highlights real-life data in a large
cohort of CLL patients.

We found a significant decrease in proportion of positive
blood cultures and BSI between 1994 and 1999 and between
2000 and 2006. This is in contrast to earlier experiences from
blood cultures collected from the hematology ward 1988—
2008 in the same institution, where we observed stable
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Table4 Frequencies, mortality rates, and hazard ratios (HRs) with 95 % confidence interval (CI) comparing patients before or without BSI to after a

BSI, by time period of diagnosis

1988-1993 1994-1999 2000-2006°
Mortality rate® HR® (95 % CI)  Mortality rate® HR® (95 % CI)  Mortality rate® HR® (95 % CI)
95 % CI) (95 % CI) 95 % CI)

All patients
After BSI¢
Before/without BSI4

304.0 (203.8-453.5) 127 (0.75-2.17)
224.0 (161.6-310.6) 1.00

513.9 (383.7-688.3) 2.59 (1.74-3.85)
221.0 (172.3-283.5) 1.00

666.1 (419.7-1057) 321 (1.83-5.62)
250.4 (187.5-334.2) 1.00

4 Until June 30, 2006

®Per 1000 person-years

¢ Estimated from Cox regression adjusted for time since diagnosis (timescale), age at diagnosis, sex, and with interaction between exposure and time

period of diagnosis

9BSI excludes possible contaminants

percentage of positive blood cultures over time [16]. A possi-
ble explanation could be the introduction of combination treat-
ments including monoclonal antibodies [17—19]. We specu-
late that more effective therapy given in recent years, which
leads to deeper responses and longer time to next progression,
results in the observed reduction of positive blood cultures and
BSI. Our results are supported by a study from the UK where a
trend to lower rates of BSI over three 12-month periods was
observed [20]. On the other hand, in more aggressive hema-
tological diseases, BSI seems to have increased in another UK
center between 2004 and 2010 [21]. However, anti-bacterial
prophylaxis, non-comparable use of anti-cancer therapy, and
different overall survival make comparisons difficult.
Moreover, stated limitations preclude us from interpreting
any trends from our data in proportion of positive blood cul-
tures or BSI.

The stable distribution between Gram-positive and Gram-
negative bacteria observed in this study is similar to an obser-
vation by Francis et al. [22]. Nevertheless, in two reviews of
BSI in hematology and cancer patients and a questionnaire on
the etiology of BSI in conjunction with the Fourth European
Conference on Infections in Leukemia (2011), a recent trend
in increased number of infections caused by Gram-negative
bacilli was found [23, 24]. The proposed explanation is de-
creased use and shorter duration of anti-bacterial prophylaxis
and, to a lesser extent, decreased use of indwelling catheters
and cytotoxic chemotherapy. Trimethoprim/sulfamethoxazole
effectively reduces risk of Prneumocystis jirovecii pneumonia
and also reduces the incidence of BSI [25-27]. Considering
the scarce use of fluoroquinolone prophylaxis and indwelling
catheters in CLL, comparisons of trends in BSI with other
malignancies must be done with caution.

During the study period, the anti-tumoral armamentarium
has expanded and treatment has remained reserved for patients
with systemic symptoms or progressive disease [28]. The
monoclonal anti-CD-20 antibody rituximab in combination
with FC was shown in 2005 to further improve response rates

[18, 19]. For rituximab and other anti-tumoral agents, only
scarce information on BSI in CLL exists [6, 11, 18, 19,
29-32]. Furthermore, major infectious complications increase
with previously received anti-tumoral therapies [33, 34]. Our
results on the most common pathogens in BSI might affect
anti-biotic choice when empirical therapy in CLL patients
with signs and symptoms of BSI is considered.

We found BSI to be associated with worse prognosis espe-
cially during the latter time periods, but limitations of our
study may bias our results. The effect was seen both when
treating blood cultures as a dichotomous exposure and as
time-varying. This has to our knowledge not been shown pre-
viously in CLL patients. To evaluate this further, we did sen-
sitivity analysis on a homogenous group of more high-risk
patients, by only including patients diagnosed 1988 to 2005
who had a culture within 1 year of diagnosis. The point esti-
mates during 1999-2005 remained of similar magnitude, al-
though slightly smaller as compared to those from the full
cohort analysis, and they were no longer statistically signifi-
cant. However, fewer deaths in this analysis made power to
detect potential differences small, which is reflected in the
wide confidence intervals. During the middle period, where
event counts were larger, a significantly higher mortality was
observed among patients with BSI. This, together with the
non-significant risk increase in the last time period, support
the hypothesis that among more high-risk patients, a positive
blood culture results in higher mortality. In a retrospective
study of BSI 1988-2008, from the same institution, anti-
biotic resistance was stable and should therefore not influence
our results on temporal trends in mortality rate [16]. We spec-
ulate if CLL patients in later time periods, due to introduction
of immunotherapy, had developed therapy-related immunode-
ficiencies in their adaptive immune response, with less favor-
able outcomes of BSI. Our study includes a stable number of
splenectomies among CLL patients during the study period.
No statistically significant differences in mortality were seen
when comparing patients with splenectomy to those without.
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However, the numbers of splenectomies were small, and thus,
the results are limited by power.

To our knowledge, this is the first study to examine the risk
for and distribution of BSI in patients with CLL. Previous
reports have presented BSI in all hematological diseases as a
group [16, 35], presented mortality rates for CLL with BSIs or
major infections without displaying CLL-specific pathogen
distribution [36, 37], or only presented very few BSIs among
CLL patients [17]. The main strengths are the large sample
size from a single institution, the use of high-quality registries,
and the uniform treatment according to national guidelines.
Our study has some important limitations. Generalizability is
impeded by the retrospective data and that data consists of
CLL patients with drawn blood culture, rather than all CLL
patients. Information on important clinical descriptors were
not available as, for example, anti-tumoral treatment, anti-
microbial prophylaxis, anti-microbial resistance, and site of
drawn blood culture. For clinical purpose, we therefore ex-
cluded pathogens known to be possible contaminants even
though delineation of clinical significance can be difficult in
the immunocompromised host. For the latter time period, due
to administrative censoring, time window for having a blood
culture drawn was shorter as compared to that for patients
diagnosed during the earlier time periods. Low counts of ex-
posure and events further hampered our possibilities to draw
strong conclusions on temporal differences in the sensitivity
analyses of BSI and mortality. Lastly, the design of the study,
organizing 1.8 million microbial analyzes and then cross-
matching data against three national registries, rendered de-
lays in presentation of results.

In summary, based on the largest study to date on BSI in
CLL patients, we found a stable proportion of Gram-positive to
Gram-negative bacteria for BSIs 1988-2006. The most com-
mon pathogens of BSI were E. coli, S. pneumoniae,
P, aeruginosa, S. aureus, and V. streptococci, and no temporal
change of distribution was observed. Surveying treatment-
related infections and optimizing prophylaxis will be important
objectives when improving anti-tumoral treatments for CLL.
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Abstract

Background

Bloodstream infection (BSI) is a common and potentially life-threatening complication in
patients with hematological malignancies and therapy-induced neutropenia. Administration
of broad spectrum antibiotics has substantially decreased the mortality rate in febrile neutro-
penia, but bacterial infection is documented in only one-third or fewer of the cases. BSl is
typically diagnosed by blood culture; however, this method can detect only culturable
pathogens.

Methods

In the present study, a total of 130 blood samples from hematological patients receiving
dose-intensive antitumoural treatment were subjected to 16S rRNA PCR and 62 of them
were cultured. PCR positive samples were processed to high throughput sequencing by
amplifying the V1-V3 regions of the 16S rRNA gene to obtain a full spectrum of bacteria
presentin BSI.

Results

Five phyla and 30 genera were identified with sequencing compared to 2 phyla and 4 gen-
era with culture. The largest proportion of bacteria detected by sequencing belonged to Pro-
teobacteria (55.2%), Firmicutes (33.4%) and Actinobacteria (8.6%), while Fusobacteria
(0.4%) and Bacteroidetes (0.1%) were also detected. Ninety-eight percent of the bacteria
identified by sequencing were opportunistic human pathogens and 65% belonged to the
normal human microbiota.
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Conclusions

The present study indicates that BSIs in neutropenic hosts contain a much broader diversity
of bacteria, likely with host origin, than previously realized. The elevated ratio of Proteobac-
teria in BSI corroborates the results found in other systemic inflammatory diseases, such as
inflammatory bowel disease or mucosal infections. This knowledge may become of value
for tailoring antimicrobial drug administration.

Introduction

Infection during neutropenia is one of the most common causes of mortality in patients receiv-
ing chemotherapy. Mortality rates vary between 5-11% depending on the co-existing condi-
tions and can rise even higher if bacteremia is present [1]. The standard microbiological
diagnostic method in febrile episodes in neutropenic patients is blood culture. Its positivity rate
is dependent on whether the patient has received antibiotic prophylaxis or not, but typically
bacteremia may be identified in around 7-17% of the patients on antibiotics and in 14-31% of
those who are not on antibiotic treatment. Around 50-70% of the identified bacteria are
Gram-positive organisms [1-3], the high number is probably at least partly related to the use
of prophylactic antibiotics in many clinical settings. Febrile neutropenia is treated with empiri-
cally chosen broad-spectrum antibiotics and a more comprehensive identification of the
incriminated microorganisms would have the potential to reduce antibiotic overuse by target-
ing only specific bacteria, a strategy which could reduce the generation of resistant strains.

A substantial proportion of bacteria cannot be cultivated [4-7]. Diagnostic methods used to
diagnose bloodstream infections (BSI) are mostly limited to blood culture, which can detect
only culturable pathogens, or to real-time PCR, which detects microorganisms pre-defined by
primers [8]. By blood culture only a restricted range of pathogens may be identified, it might
take several days before a positive result is indicated and large volumes of blood are needed to
obtain optimal sensitivity, typically 20-40 ml/fever episode. Molecular methods, using 16S
rRNA amplicon sequencing, have the potential to reveal pathogens present in BSIs, which may
be undetected by culture-dependent methods. It requires < 1 ml of blood and because it uses
the variable regions of the 16S rRNA gene, identification of bacteria to genus or species level is
possible [4, 6, 9].

High-throughput sequencing is a quickly growing field, and has helped to characterize
microorganisms in several different habitats. Its expansion is powered by the development of
high throughput sequencing techniques, allowing sequencing billions of reads in a few days’
time. Sequencing of the 16S rRNA gene is commonly used for culture-independent analysis, as
this gene is universally present in bacteria, it is amplifiable by targeting conserved regions but
also allows characterization of microbes through its variable regions. Although massively paral-
lel sequencing makes species identification and estimating species abundance possible by its
high coverage, targeting multiple regions of the 16S rRNA gene allows a more accurate identifi-
cation of microorganisms [9]. In the present study, the variable V1-V3 regions were sequenced
in blood samples from neutropenic patients with fever and suspected BSI.

This study aimed to characterize the bacterial content in blood samples of immunocompro-
mised hematological patients in BSIs using high-throughput sequencing. Sequencing data were
then compared with results from blood culture, the current gold standard for the diagnosis of
BSIs.
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Materials and Methods
Study population and sampling

Patients with hematological malignancies fit for dose intensive antitumoural treatment at the
Hematology Center, Karolinska University Hospital in Stockholm, Sweden, were eligible for
enrollment. Patients with acute myeloblastic leukaemia (AML) were included upon diagnosis
whereas patients with other diagnoses could be asked to participate at any time points of the
antitumoural treatment. Included patients were then sampled with two 4.5 mL EDTA tubes at
different time point; 1) at diagnosis (only patients with AML), 2) at fever onset during neutro-
penia before intravenous broad spectrum antibiotic treatment was initiated, 3) follow-up sam-
ples to the fever-onset sample (only patients with AML), and 4) persisting fever during
intravenous broad spectrum antibiotic treatment.

Samples were taken over a 1-year period (2013 March-2014 March). Data on white blood
cell count (WBC), absolute neutrophil count (ANC), C-reactive protein (CRP) levels as well as
age, gender and hematological diagnosis were extracted retrospectively from the patients' med-
ical records. Samples were handled anonymously.

Ethics statement

Written consents were obtained from all patients. All adult subjects provided written, informed
consent, and a parent or guardian of any child participant provided written, informed consent
on their behalf. The study (recordal 2012/1929-31/1) was approved by The Regional Ethical
Review Board in Stockholm.

Definitions

Fever was defined as a single oral temperature of >38.5°C or a temperature of >38.0°C persist-
ing for >1 hour. Neutropenia was defined as a neutrophil count of <0.5 x10° cells/L, or a
higher count with a predicted decrease to <0.5 x10° cells/L within 24 hours.

Culture

Commercial BacT-Alert 3D system with 2-2 aerobic and anaerobic bottles was used (bioMér-
ieux, Marcy 1'Etoile, France). BSI was defined as an infection manifested by the presence of
bacteria in at least one culture bottle, or at least two blood culture bottles with the same micro-
organism growing in the case of common skin contaminants.

Sample preparation and sequencing

Blood samples for sequencing were drawn into sterile 4.5 ml Vacutainer (Becton Dickinson,
Franklin Lakes, NJ USA) tubes, were kept at 4°C and processed to DNA extraction within 1-24
hrs. MolYsis Complete5 kit (Molzym Life Science, Bremen, Germany) was used to extract
bacterial DNA following the manufacturer’s instructions with the following exceptions: 5 min-
utes were used for the final elution instead of 1, and samples were dissolved in 50 ul water
instead of 100 ul. Positivity for the 16S rRNA gene was controlled by the 520F (AYTGGGYD
TAAAGNG)-802R (TACNVGGGTATCTAATCC) primer pair [10] with 1x Phusion High
Fidelity master mix (New England Biolabs, Ipswich, MA, USA) and 200 nM primer concentra-
tion. Reactions were incubated at 98C for 2 min, then 98C for 30 sec, 40C for 30 sec, 72 for
Imin 30sec, cycled 35 times and incubated at 72C for 5 min. Amplicon sizes were controlled
on a 2% agarose gel. No template controls (NTCs) were run with each set of samples and all
DNA extraction reagents were tested for 16S rRNA PCR as well in order to investigate the pos-
sible contamination from the reagents used [11], but no detectable amplification was noted.

PLOS ONE | DOI:10.1371/journal.pone.0135756 August 13,2015 3/14



@’PLOS ‘ ONE

Bacterial Landscape of Bloodstream Infections in Neutropenic Patients

Since longer 16S rRNA fragments result in more accurate identification [12], PCR positive
samples were subjected to library preparation with the 27F (AGAGTTTGATCCTGGCTCA
G)- 534R (ATTACCGCGGCTGCTGG) primer pair covering the V1-V3 regions of the 16S
rRNA [10], and were processed to 2x300 bp paired end (PE) sequencing on an Illumina MiSeq
instrument at GATC Biotech (Konstanz, Germany) as recommended by the manufacturer. In
order to examine possible contamination originated from the human blood and/or the envi-
ronment, a blood sample from a healthy donor and NTC samples were overamplified with 45
PCR cycles and were processed to Sanger sequencing. The resulting reads did not show signifi-
cant (>95%) similarity to any known bacteria when compared to the NCBI nr/nt database.
Sequencing reads generated in this study were deposited to Sequencing Read Archives under
experiment SRA:SRX668701, while background controls were deposited to NCBI GenBank
under accession number KR152337-KR152338.

Data analysis

Reads below Q20 and 246 bp, and PE reads that could not be merged (FLASH, [13]) were
removed. Cd-hit [14] was used for clustering with 99% similarity. Chimeras were removed
using UCHIME [15]. BLASTn was used for similarity search [16] with e < 107° and minimum
similarity set to 97%, with references from the Ribosomal Database project (RDP 11, [17]).
Taxonomic classification was based on NCBI Taxonomy [18]. Numbers of reads within each
cluster were used to calculate relative abundances. Identified genera and species were included
in the study if they contained at least 0.5% of the total number of operational taxonomic unit
(OTU)-assigned reads in each sample. The Qiime package [19-22] was used for phylogenetic
analysis with FastTree 2.1.3 [23] using the Silva_111 reference database [24] and was visualized
with FigTree v1.4.2. The exclude_seqs_by_blast.py was used to check human DNA contamina-
tion as part of the Qiime package.

Results

Clinical characteristics

A total of 33 patients were included in the study; 19 with AML and 14 with other highly malig-
nant hematological diagnoses. In total 130 blood samples were collected; 27 from AML patients
at diagnosis, 38 at fever onset, and 41 follow-up samples. A total of 24 samples were collected
from patients with persisting fever during broad spectrum antibiotic treatment (S1 Table).

Ninety-two samples were from patients with AML as the underlying diagnosis (70.8%),
acute lymphoblastic leukaemia for 21 samples (16.2%), acute promyelocytic leukaemia for 8
samples (6.2%), mantle cell lymphoma for 4 samples (3.1%), Burkitt lymphoma for 3 samples
(2.3%), and diffuse large B-cell lymphoma for 2 samples (1.5%).

The average age of the total study population was 52.2 years + 16.3 (mean + SD, n = 130)
with 40% females, WBC = 0.8 + 2.1 (n = 87), ANC =0.3 +0.9 (n =59), CRP level = 75 + 53
(n=78).

In fever onset samples, the age of patients was 51 + 17.9 (n = 38), 39.5% females,
WBC=12+3.1(n=33),ANC=04+12(n=29),CRP =516 +37.5 (n=30).

In persisting fever samples, the age was 53.1 £ 15.5 (n = 24), 33.3% females,

WBC = 0.3 4 0.7 (n = 20), ANC = 0.1 + 0.4 (n = 10), CRP = 117.8 + 49.5 (n = 16).

In follow up samples, the average age was 50.3 + 15.8 years (n = 41), 41.5% females,

WBC=0.8+1.1(n=34), ANC=0.2+0.4 (n=20), CRP =75.6 £ 54.6 (n = 32).
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Positivity rates

A total of 130 blood samples were investigated with 16S rRNA PCR in this study and 65 of
them with blood culture. Nineteen samples were positive by PCR out of 130 (14.6%) and 10 by
blood culture out of 65 (15.4%), with 6 samples positive by both methods (SI and S2 Tables).
Positivity rate in fever onset samples (n = 38) was 23.7% (9/38) with PCR and 21.1% (8/38)
with culture; in persisting fever samples (n = 24) the corresponding rates were 29.2% (7/24)
and 8.3% (2/24); in follow up samples (n = 41) 7.3% (3/41) were positive with PCR and none
with culture. In the 27 inclusion none was found to be positive with PCR. Accordingly, a total
of 19 samples were positive by PCR and thereby processed to sequencing.

Sequencing

PCR positive samples were processed to sequencing. A total of 2,764,592 reads were assigned to
bacterial OTUs (S3 Table, average per sample: 145,504). In the entire dataset, sequencing
detected members of five bacterial phyla; most reads were assigned to Proteobacteria (55.2%) and
Firmicutes (33.4%). Apart from these, Actinobacteria (8.6%), Fusobacteria (0.4%) and Bacteroi-
detes (0.1%) were also detected (Fig 1). All samples except ID_48 contained bacteria from more
than one phylum. Of the total number of reads, 55.7% belonged to Gram-negative bacteria.

Within the 5 phyla, 30 genera were identified, where Strepfococcus (detected in 18 cases out
of 19), Pseudomonas (17/19), Shewanella and Staphylococcus (16/19), Pelomonas and Propioni-
bacterium (14/19) were the most prevalent. Sixteen genera occurred in only 1 case (Fig 2A) and
20 genera had <1% of all assigned reads (Fig 2B). Although Streptococcus, Propionibacterium
and Pelomonas were amongst the most commonly occurring genera (detected in 18/14/14
cases, respectively; Fig 2A), the total read percentages show that they contain a relatively small
proportion of all assigned reads (Streptococcus: 8.8%, Propionibacterium: 5.3%, Pelomonas:
1.2%; Fig 2B). On the other hand, Delftia and Halomonas genera occurred only in 3 and 2
cases, respectively, but contained 2.7% and 3% of all assigned reads.

Over 98% of the identified reads belonged to reported human pathogens, and 65% of them
belonged to the normal human microbiota (Fig 2C). Most of the identified genera (80.5% of the
total reads) belonged to anaerobic or facultative anaerobic bacteria. Altogether 58 species were iden-
tified; 16 genera contained multiple species, typically with one dominant (Fig 3). Even though spe-
cies were identified with >97% similarity, the 16S rRNA gene can have <1% diversity in between
some species [9]. Eight genera could not be classified to the species level due to the high inter-spe-
cies similarity. Sequencing of the V1-V3 regions also enabled phylogenetic analysis (S1 Fig).

The diversity of the samples illustrated with rarefaction curves (S2 Fig) indicate that in
some cases >10,000x coverage might be necessary to identify all pathogens present with high-
throughput sequencing.

Culture

Viridans group streptococci (7), coagulase-negative staphylococci (CoNS, 2), E. coli (1) and
Enterococcus faecalis (1) were identified in blood cultures, with one polymicrobial infection
(CoNS + E. faecalis, in sample ID_86). All of the bacteria detected by both culture and sequenc-
ing belonged to the Firmicutes phylum (Fig 1C, S2 Table).

Effect of antibiotic treatment on bacterial composition

In three pairs of samples (before-after antibiotic treatment: samples 48-49, 54-55, 120-129) we
found PCR positive samples despite of antibiotic treatment. In two cases (48-49 and 120-129)
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Fig 1. Representation of the distribution of phyla with sequencing in all samples (a) and in individual
samples (b). Detected phyla per sample with blood culture (c).

doi:10.1371/journal.pone.0135756.g001

the bacterial composition underwent a major change after the antibiotic treatment, but in one
case (54-55) the bacterial composition remained identical (Fig 4).

Discussion

Febrile neutropenia is a severe medical condition in immunocompromised patients and in
those undergoing chemotherapy; and is a common cause of death when coupled with bacter-
emia [25].

Routine diagnosis of BSIs is based on the identification of pathogens by use of blood culture
bottles. However, blood cultures have several limitations: the growth in the bottle can be slow,
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Fig 2. Occurrence of genera in 19 samples identified by sequencing (a). A genus was included if it reached or exceeded 0.5% of the total number of
filtered reads in at least one sample. Distribution of OTU-assigned reads per genera in all samples in percentage (b). Diagram shows the
pathogenicity and natural habitat of the detected genera based on read percentages (c). Over 96% of the identified reads belonged to
opportunistic human pathogens (black stripes), while 64% belonged to the normal human microbiota (grey background).

doi:10.1371/journal.pone.0135756.9002

and several days may be required before growth can be noted; a large volume of blood is
required to optimize sensitivity and only culturable pathogens can be detected. In one study,
high-throughput sequencing was proven to detect more bacterial pathogens and was shown to
be more sensitive than culture or Sanger sequencing in CSF samples [26]. In the presented
work, blood culture was shown to detect fewer microorganisms in fewer cases compared to
high-throughput sequencing. Thus, results obtained with blood culture may not reveal optimal
data for management and might lead to inadequate treatment. The Firmicutes phylum were
dominant with blood culture (Fig 1C), indicating a narrow range of detectable pathogens, pos-
sibly due to a competition in the growth of culturable pathogens in blood cultures. Blood cul-
ture typically detects only one pathogen per sample, while the bacterial composition of BSIs in
neutropenic febrile hosts seems to be much wider according to the results from high-through-
put sequencing (Figs 1-3). It has to be noted that the efficacy of both classical and molecular
diagnostics methods depends on several factors regarding the detection of pathogens in blood,
including sampling, bacterial load, bacterial interference, etc.

Despite its numerous advantages, high-throughput sequencing raises considerable chal-
lenges as well: although sequencing costs continue to decrease, the cost of an instrument and
the reagent costs remain high. Sequencing runs can take a few days to complete and the large
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Fig 3. Schematic representation of microorganisms detected by sequencing on the species level. Pink nodes represent the given genera connected
to the species. Green lines indicate the most prevalent species. Color lines from Bacteria to genera indicate phyla (Proteobacteria-yellow, Firmicutes-light
blue, Actinobacteria-dark blue, Bacteroidetes-purple, Fusobacterium-orange). Species nodes indicate infectious properties: yellow-normal microbiota, red-
human pathogen, blue-typically occurs in immunocompromised patients and/or nosocomial infections, white: taxonomy unclear/recently changed or

environmental bacteria.

doi:10.1371/journal.pone.0135756.g003

amount of data generated from a sequencing run requires bioinformatics solutions. Due to
sequence similarities of the 16S rRNA genes between microorganisms, identification of lower
taxonomic categories (eg., species level) can be less certain [27] and antibiotic resistance pat-
terns cannot be identified with this method. Also, while blood culture detects only viable
microorganisms, pathogens identified by 16S rRNA sequencing might not necessarily be func-
tional as shown in this study: positivity rate was the highest in fever onset samples both with
PCR and culture (26% and 21%, respectively), indicating the presence of a high load of viable
bacteria. However, in persisting fever samples, as the antibiotic treatment started, positivity
rate of culture decreased to 4% while PCR maintained 24%, implying the presence of non-via-
ble bacteria. PCR therefore offers an extended time for detecting BSIs during and after antibi-
otic treatment (S1 Table).

High-throughput sequencing

Five phyla and thirty genera were identified with this method. All genera found in these sam-
ples have been previously reported in bacteremia except the Pelomonas genus, which, however,
has been isolated from haemodialysis water [28]. The majority of sequencing reads belonged to
bacteria which form the normal human microbiota (Fig 2C), supporting the notion that trans-
location of the human microbiota plays a decisive role in bacteremia [29]. In addition, mostly

PLOS ONE | DOI:10.1371/journal.pone.0135756 August 13,2015

8/14



@’PLOS ‘ ONE

Bacterial Landscape of Bloodstream Infections in Neutropenic Patients

48 49 48 49 54 55 54 55

120 129 120 129

Achromobacter

Admission X X X s
Follow-up X X X Erchavitin
Fever X X X X X X EE“.":‘-ZT'
HR>90 X X X X X X :::::Dmuum
WBC 01 02 <0.1 <0.1 <0.1<0.1 oo
Lo
CRP 36 180 mmmmm 18 N/A 11.5 154 Jommmena
AB 24h before sampling - fiperaci - e - e bt
bactam _ _bachm bactam ::.?.1:: .
Replacement AB Er:;p;-r:; o E’ii%z? o — - - o
MASCC 18 18> 23 20 21 21 &> S

5 100

Fig 4. Heat map showing 3 pairs of samples before and after antibiotic treatment with the corresponding clinical characteristics (follow up: 1 day
for samples 48/49 and 54/55, 5 days for samples 120/129). Bacteria were detected in all cases, but in 2 pairs (48—49, 120—129), the composition of
bacteria changed, while in one patient (54-55), the composition of bacteria remained the same despite of antibiotic treatment. Blue ellipses indicate culture

results. N/A: not available.
doi:10.1371/journal.pone.0135756.9004

anaerobic bacteria were detected in the presented samples and similarly, the human microbiota
largely consists of anaerobic bacteria [7].

The Shewanella genus (formerly classified as Pseudomonas) was detected in over 80% of the
samples (Fig 3). Although Shewanella bacteremia is a well-reported phenomenon [30-33], our
results suggest that its relevance may be underestimated as it is not routinely diagnosed. Studies
suggest that especially immunocompromised patients might be commonly infected with this
pathogen, although its clinical significance is not fully known [33]. Additionally, because of
their different clinical characteristics and susceptibilities to antimicrobial agents, it is important
to differentiate S. algae from S. putrefaciens and as shown, sequencing of the 16S rRNA gene
can identify Shewanella on the species level.

Similarly to another report [34], Staphylococcus and Pseudomonas were amongst the most
commonly identified pathogens in patients with neutropenia, although Escherichia was identi-
fied in only one case in the present report in contrast to the findings reported by Ortega et al.
[34]. Pseudomonas commonly occurs in hospital-acquired infections in immunocompromised
patients [35]; it is one of the most genetically divergent genera and it was one of the most prev-
alent genera in the examined samples. However, the similarity of the 16S rRNA gene between
Pseudomonas strains can be >99% [36]; therefore sequencing of the 16S rRNA gene does not
discriminate appropriately between species for the Pseudomonas genus [37, 38].

The microbiota composition of BSI shows highest similarity to that of
inflammatory bowel disease

The composition of microbiota can change in pathophysiological conditions associated with
systemic inflammation, such as allergy or autoimmune diseases, due to the microbiota’s ability
to participate in the regulation of the host’s immune system [39-43]. In order to investigate
bacterial composition in BSIs, we compared the distribution of the four major phyla found in
the reported samples with other studies characterizing the microbiota in different parts of the
body (Fig 5).

In comparison to the microbiota in BSIs, Firmicutes and Bacteroidetes are the main phyla
in the gut, while Proteobacteria can be found in very low percentages ([44, 45], Fig 5).
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Fig 5. Composition of microbiota from different parts of the body classified by four major bacterial phyla. The graph was reconstructed based on the
data from [44, 45, 51, 53, 55]. Axes show percentages.

doi:10.1371/journal.pone.0135756.g005

However, gut microbiota from inflammatory bowel disease [44] showed the largest overlap
with our samples from all compared microbiota, indicating that the formation and composi-
tion of microbes play an important role in systemic inflammation [39], represented by an
increased proportion of Proteobacteria as demonstrated in the present study and in other cases
[46-49].

On the skin, Firmicutes, Proteobacteria and Actinobacteria are also commonly found [50],
although that depends on various factors, such as dryness of the skin and sampling sites [51].
Typically, the skin is dominated by Actinobacteria [52], and the moist skin sites had the largest
overlap with our samples amongst different skin microbiota, possibly due to sampling or trans-
location [40]. Grice et al. reported a larger proportion of Proteobacteria when the skin was
sampled from the inner elbow [52].

Lemon and colleagues reported [53] an inverse correlation between Actinobacteria and Fir-
micutes in the microbiota of the nostril. This effect has been detected in the presented samples
as well, e.g., in samples ID_129 (with Propionibacterium detected) and 120 (with Streptococcus
detected), where sample 120 represent the situation before antibiotic treatment.

Our results show partial similarity with the lung microbiota [40, 54], where, based on multi-
ple studies, Proteobacteria and Firmicutes are consistently the most commonly identified phyla
and Pseudomonas, Streptococcus and Prevotella are the most common genera. It has to be
noted however, that methodologies for characterizing microbiota vary widely which might
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influence any comparison. Apart from the methodological aspects, microbiota carry-over
might also be considered in clinical samples [40].

Bacteria identified in BSIs are dominated by Proteobacteria (Figs 1 and 5)-a phylum, which
has been identified in local inflammations and has been recently associated with systemic
inflammation [46-49]. The elevated ratio of Proteobacteria might be caused by the special
metabolism of this phylum to utilize nitric metabolites abundant on inflammatory sites [39]. A
large proportion of the identified bacteria belonged to the normal human microbiota (Figs 2
and 3), implying its role in the formation of systemic inflammatory response.

High-throughput sequencing as a potential tool to assess the efficacy of
antibiotic treatments

Characterization of the microbiota in BSIs would not only help in choosing antibiotic treat-
ment options, but it would also enable to estimate the efficacy of antimicrobial treatment
(Fig 4, S3 Fig). Interestingly, we could detect different effects of the antibiotic treatments in dif-
ferent samples of the same patient. In one case the content of bacteria did not change while in
another case drastic changes could be observed. The former indicates that treatment did not
eliminate the invading microorganisms, while in the latter case, elimination of the bacteria led
to re-population or co-infection by different strains. One patient had Pseudomonas and Serra-
tia detected before sampling (Fig 4, sample 48), and after piperacillin-tazobactam treatment,
the proportion of these genera decreased, indicating the effect of antibiotic treatment consistent
with these genera often being susceptible to this compound in our clinical setting. However
instead Propionibacterium and Staphylococcus were present in the follow-up sample (sample
49), which could also be related to contamination from the skin microbiota. In samples 54 and
55, Staphylococcus, Shewanella and Corynebacterium were detected both before and after piper-
acillin-tazobactam treatment, possibly due to resistance to this drug. In samples 120 and 129,
Shewanella prevailed, while Staphylococcus and Streptococcus disappeared after drug adminis-
tration, which could be consistent with the administered combination treatment of piperacil-
lin-tazobactam and clindamycin treatment.

Although these preliminary findings are based on a very limited number of samples, the
data indicate that high-throughput sequencing may have the potential to become a promising
tool in evaluating the efficacy of antibiotic therapy.

Conclusion

Promoting rational antimicrobial use is essential to restrict the development of antibiotic resis-
tance. As shown, high-throughput sequencing is able to identify a wide range of pathogens
undetected by classical methods. By knowing the relative abundance of pathogens, a more cus-
tomized treatment could be administered. Additionally, revealing the composition of micro-
biota in BSIs might help to understand its role in the pathomechanisms behind sepsis and
provide information on the factors relevant in systemic inflammatory responses.

Supporting Information

S1 Fig. Phylogenetic representation of sample ID_149 showing distribution of the identi-
fied genera and phyla based on the assigned OTUs.
(TIF)

S2 Fig. Rarefaction curves show species count in relation to number of reads in OTU-
assigned unique clusters.
(TIF)
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S3 Fig. Heat map with a correlation scale shows the distribution of genera per sample. Blue
ellipses indicate culture results.
(TIF)

S1 Table. Representation of samples used in this study, cells indicating PCR / culture
results, respectively. Brown = PCR positive, yellow = culture positive, green = positive with
both methods, na = no culture taken, NA = no sample taken, sum = sum of positive samples.
Empty cells = no sample available.

(DOCX)

$2 Table. Comparison of bateria detected by sequencing and blood culture. ' In patients 9
and 25, sequencing identified S. mitis, S. pneumoniae and S. pseudopneumoniae, while, apart
from these three species, in patient 27 S. infantis, S. oralis and S. australis were also detected,
confirming the presence of viridans streptococci. *In patient 10, S. dysgalactiae (B-hemolytic
streptococci) was detected by sequencing. *In patient 17, in agreement with the culture result,
sequencing detected a coagulase-negative Staphylococcus (S. Saphrophyticus). CoNS: Coagu-
lase-negative staphylococci.

(DOCX)

S3 Table. Sequencing statistics of assigned reads per sample.
(DOCX)
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S3 Fig. Heat map with correlation scale shows the
distribution of genera per sample.

Sample ID
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Achromobacter
Acidovorax
Alloprevotella
Corynebacterium
Delftia
Escherichia
Fusobacterium
Gemella
Granulicatella
Haemophilus
Halomonas
Herbaspirillum
Kocuria
Lactobacillus
Mogibacterium
Pelomonas
Peptostreptococcus
Porphyromonas
Propionibacterium
Pseudomonas
Rothia

Serratia
Shewanella
Shigella
Simplicispira
Sphingomonas
Staphylococcus
Stenotrophomonas
Streptococcus
Veillonella



S1 Table. Representation of samples used in this study, cells indicating PCR /
culture results, respectively.

Fever Persisting fever |Follow up 1 |Follow up 2 |Follow up 3
Patient 1 -/- -/na -/- NA
Patient 2 +/- NA NA NA
Patient 3-1 -/- -/na NA NA
Patient 3-2 -/- -/na -/na NA
Patient 4-1 -/- -/na -/na NA
Patient 4-2 -/- NA NA NA
Patient 4-3 -/- -/na -/na NA
Patient 5-1 -/- -/na NA NA
Patient 5-2 -/- NA NA NA
Patient 6 -/- NA NA NA
Patient 7 +/+ +/na -/- NA
Patient 8 -/- NA NA NA
Patient 9 +/+ +/- -/na -/na NA
Patient 10 +/+ NA NA NA
Patient 11-1 -/- NA NA NA
Patient 11-2 -/- NA NA NA
Patient 11-3 -/- NA NA NA
Patient 12-1 -/- -/- +/na -/na NA
Patient 12-2 -/- NA NA NA
Patient 13-1 -/- -/- -/na NA NA
Patient 13-2 -/- NA NA NA
Patient 13-3 -/- -/na -/na -/na
Patient 14 -/- NA NA NA
Patient 15-1 -/- -/na -/na -/na
Patient 15-2 -/- -/- -/na -/na NA
Patient 15-3 -/- +/- NA NA NA
Patient 16 -/- NA NA NA
Patient 17 +/+ NA NA NA
Patient 18 -/ + NA NA NA
Patient 19-1 -/- -/- -/na NA NA
Patient 19-2 -/- -/- -/na NA NA
Patient 20 -/- NA NA NA
Patient 21-1 +/- NA NA NA
Patient 21-2 -/- -/na NA NA
Patient 22-1 -/- NA NA NA
Patient 22-2 -/- NA NA NA
Patient 23 +/- NA NA NA
Patient 24 -/- -/na NA NA
Patient 25-1 +/+ -/ + -/na NA NA
Patient 25-2 +/- NA NA NA
Patient 26-1 -/- -/na -/na -/-
Patient 26-2 -/- -/na -/na +/na
Patient 27-1 -/- NA NA NA
Patient 27-2 +/+ +/- -/na NA NA
Patient 28-1 -/- NA NA NA
Patient 28-2 -/- NA NA NA
Patient 28-3 -/- NA NA NA
Patient 29 -/ + -/na -/na NA
Patient 30 +/- NA NA NA
Patient 31 +/- NA NA NA
Patient 32 -/- +/- -/na NA NA
Patient 33 -/ + -/na NA NA
sum 17 (9/8) 9(7/2) 2 (2/0) 0 1(1/0)




S2 Table. Comparison of bacteria detected by sequencing and blood culture.

Sample type

Sequencing

Culture

Patient 2

Persisting fever

Shewanella
Staphylococcus
Fusobacterium
Acidovorax
Pelomonas

Patient 7

Fever onset

Pseudomonas
Serratia
Delftia

Viridans streptococci

Patient 7

Follow up

Staphylococcus
Shewanella
Pseudomonas
Propionibacterium
Streptococcus

Patient 9

Fever onset

Staphylococcus
Corynebacterium
Shewanella
Streptococcus1
Pseudomonas

Viridans streptococci

Patient 9

Persisting fever

Staphylococcus
Corynebacterium
Shewanella
Streptococcus
Pseudomonas

Patient 10

Fever onset

Pseudomonas
Sphingomonas
Corynebacterium
Delftia
Streptococcus2

Viridans streptococci

Patient 12

Follow up

Shewanella
Streptococcus
Corynebacterium
Staphylococcus
Pseudomonas

NA

Patient 15

Persisting fever

Staphylococcus
Streptococcus
Corynebacterium
Shewanella
Haemophilus

Patient 17

Persisting fever

Staphylococcus3
Streptococcus
Shewanella
Corynebacterium
Pelomonas

CoNS
Enterococcus faecalis

Patient 18

Fever onset

Escherichia coli

Patient 21

Fever onset

Delftia
Pseudomonas
Streptococcus
Propionibacterium

Patient 23

Fever onset

Pseudomonas



Serratia
Staphylococcus
Shewanella
Halomonas

Patient 25

Fever onset

Streptococcus1
Shewanella
Staphylococcus
Pseudomonas
Propionibacterium

Viridans streptococci

Patient 25

Persisting fever

Viridans streptococci

Patient 25

Persisting fever

Propionibacterium
Shewanella
Pseudomonas
Pelomonas
Staphylococcus

Patient 26

Follow up

Halomonas
Shewanella
Staphylococcus
Pseudomonas
Streptococcus

NA

Patient 27

Fever onset

Staphylococcus
Shewanella
Propionibacterium
1
Streptococcus
Pseudomonas

Viridans streptococci

Patient 27

Persisting fever

Shewanella
Pseudomonas
Staphylococcus
Propionibacterium
Streptococcus

Patient 29

Fever onset

Viridans streptococci

Patient 30

Fever onset

Shewanella
Staphylococcus
Propionibacterium
Pseudomonas
Streptococcus

Patient 31

Fever onset

Staphylococcus
Shewanella
Streptococcus
Propionibacterium
Pseudomonas

Patient 32

Persisting fever

Shewanella
Pseudomonas
Streptococcus
Propionibacterium
Pelomonas

Patient 33

Fever onset

Staphylococcus epidermis



S3 Table. Sequencing statistics of assigned reads per sample.

Sample ID Total nr of reads | Nr reads after filtering and merging | Chimeric | OTU assigned

20 466,652 273,794 20,444 132,667

48 474,277 273,969 36,726 121,854

49 795,628 433,277 26,279 166,931

54 523,375 257,355 26,182 128,237

55 364,535 149,576 21,246 76,419

56 475,885 286,183 30,297 85,901

65 383,000 186,300 13,523 74,459

86 584,211 315,811 46,292 132,412

107 629,698 319,846 42,250 143,208

108 717,971 396,013 53,756 227,974

109 594,559 319,827 26,067 141,713

120 799,542 439,307 57,150 213,283

129 574,904 288,058 7,697 92,281

142 681,706 379,007 37,799 214,555

143 659,540 344,781 36,145 172,019

144 632,071 333,763 28,610 136,684

149 607,915 314,855 40,279 173,335

154 687,741 366,034 44,607 184,111

155 737,094 407,992 33,912 146,549

Total 11,390,304 6,085,748 | 629,261 2,764,592
Average per

sample 599,489 320,302 33,119 145,504
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Leukemic patients are often immunocompromised due to underlying conditions, comorbidities and
the effects of chemotherapy, and thus at risk for developing systemic infections. Bloodstream infection
(BSI) is a severe complication in neutropenic patients, and is associated with increased mortality. BSI
is routinely diagnosed with blood culture, which only detects culturable pathogens. We analyzed 27
blood samples from 9 patients with acute leukemia and suspected BSI at different time points of their
antimicrobial treatment using shotgun metagenomics sequencing in order to detect unculturable and
non-bacterial pathogens. Our findings confirm the presence of bacterial, fungal and viral pathogens
alongside antimicrobial resistance genes. Decreased white blood cell (WBC) counts were associated
with the presence of microbial DNA, and was inversely proportional to the number of sequencing
reads. This study could indicate the use of high-throughput sequencing for personalized antimicrobial
treatmentsin BSls.

Systemic infections, such as BSIs can develop in hematological malignancies due to inherent immune defects and
therapy-related immunosuppression, and are associated with increased mortality’. BSIs are routinely diagnosed
by blood culture and treated by empirical broad-spectrum antimicrobials. Antimicrobial treatment might be
inappropriate due to the lack of coverage of the underlying pathogen(s), or antimicrobial resistance of the caus-
ative pathogens® Blood culture requires relatively large sample volumes, only detects culturable pathogens and
represents a narrow spectrum of the microbes present in a sample’. Furthermore, only 10-30% of blood cultures
from febrile neutropenia, and 50% of blood cultures from septic shock are positive*°. Although bacteria are the
most commonly detected pathogens, fungal and viral infections also represent major complications in hemato-
logical malignancies*®”. Candida and Aspergillus species are the most commonly occurring fungal pathogens, but
others, including Fusarium and Trichosporon, can also be detected?®.

With the recent advantages of high-throughput sequencing technologies, it has become possible to recon-
struct the taxonomic diversity of uncultured microbial communities, even in complex clinical samples. The two
main approaches remain the amplicon sequencing (mostly restricted to the 16S rDNA universal gene in bacteria)
and shotgun metagenomics, which allows untargeted sequencing of DNA in a given sample. Compared to the 16S
rDNA sequencing approach, shotgun metagenomics not only allows the analysis of bacterial diversity in clinical
samples, but can also provide information on the presence of parasitic, fungal and viral pathogens. An important
clinical aspect is microbial resistance: sequencing of the 16S rDNA gene does not provide information regarding
resistance patterns, while shotgun sequencing can identify resistance genes, their point mutations and also chro-
mosomal resistance mechanisms. The latter approach also permits functional annotation of the sequencing data
by assigning molecular functions to sequencing reads.

IKarolinska Institutet, Department of Laboratory Medicine, Alfred Nobels Allé 8, Stockholm, 17177 Sweden.
ZKarolinska University Hospital, Department of Clinical Microbiology L2:02, Stockholm, 17176 Sweden. 3Karolinska
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Department of Medicine, Solna, Infectious Diseases Unit, Center for Molecular Medicine, Karolinska University
Hospital, Stockholm, 17176 Sweden. *Royal Institute of Technology, Science for Life Laboratory, Stockholm, 17176
Sweden. Correspondence and requests for materials should be addressed to P.G. (email: peter.gyarmati@ki.se)
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Figure 1. (A) Distribution of sequencing reads between human and microbial origins. (B) Distribution of the
detected microbes. Colored numbers indicate the number of occurrences per sampling category (red numbers:
fever onset, blue: persistent fever, green: follow up). Two fever samples did not contain microorganisms, and
there were no detections of pathogen DNA in 1 persistent fever sample and 6 follow up samples.

The aim of this study was to characterize the microbial content of blood samples from neutropenic patients
with newly diagnosed acute leukemia. Sampling was performed at different time points before and after the initi-
ation of antimicrobial treatments, and sequence analysis was combined with functional annotation.

Results

Sequencingreads. Intotal, 1,005,260,502 reads were generated (excluding spike in samples), with 33.5 million
reads being sequenced per sample on average. Seventy-nine percent of the reads were mapped to the human
genome, while 20.93% of the reads were unmapped. Microbial reads consisted 0.07% of the total reads (Fig. 1).
As shown in previous studies, human DNA exceeds microbial DNA approximately 107-108 —fold in sepsis®!®. The
applied background suppression treatments reduced human DNA approximately 10,000-fold as sequencing reads
aligned to the human genome outweighed microbial reads by 10* on average.

Microbial content of blood samples per sample category. Samples from nine patients were included
in this study; in two patients, no microbial detection occurred. Samples (n = 27) were analyzed at different time
points during antimicrobial treatments: 1) at inclusion (n = 1), 2) at fever onset (before antibiotic treatment
started, n=9), 3) 1 day after antibiotics were given (n = 7), and 4) follow up (1-5 days after the start of antibiotic
treatment started, n=11).

Three out of nine fever onset samples only contained bacteria, while four out of seven persistent fever samples
contained bacteria, fungi and viruses (Fig. 1B).

Bacterial reads were detected mostly at fever onset and in persistent fever (69% of all reads in both categories),
but in less than 1% in follow up samples. The diversity of bacterial taxa did not change during fever, but showed a
significant decrease in follow up samples, likely due to antibiotic treatment (Fig. 2A). Viral reads were dominantly
detected during persisting fever (Fig. 2), and mostly consisted of bacteriophages. The diversity of fungal and viral
taxa did not show significant changes between disease states.

Distribution of bacterial taxa in different time points of sampling.  The bacterial content of the sam-
ples was dominated by Propionibacterium acnes, Corynebacterium spp and Staphylococcus spp in agreement with
a 16S rDNA study on BSIs®. Dolosigranulum pigrum (in follow up samples) and Neisseria spp (during persistent
fever) were also frequently detected (Fig. 3A).

The distribution of bacterial taxa per sample type revealed a difference between sampling time points: P. acnes
was the dominant taxa only in fever onset samples, and was not detected in follow up samples at all. In sam-
ples with persisting fever, Corynebacterium spp, D. pigrum and Staphylococcus spp were dominant, while S. spiri-
tivorum was the most prominent taxa in follow up samples.

Distribution of fungal taxa in different time points of sampling. Fusarium oxysporum, a known
fungal pathogen in immunocompromised patients, was detected most frequently in every sampling category (in
13 samples out of 27, Fig. 3B). Other detected fungal taxa also represent opportunistic infections (e.g., Aspergillus
spp and Malessezia globosa) characteristic for immunocompromised patients.

Distribution of viral taxa in different time points of sampling.  Overall, phage related to Propionibacterium
were the most dominant viral taxon (Fig. 3C), along with Torque Teno Virus (TTV). TTV was detected in 6 samples
from 3 patients, while Propionibacterium phages were detected in 3 samples, from 3 patients. Amongst the known
oncoviruses, Merkel cell polyomavirus and Hepatitis C were detected. Human endogenous retroviruses, as part of the
human genome were removed from the analysis.

Changes in microbial content in individual samples throughout the disease.  As shown, antibiotic
treatments were typically efficient against bacterial infections (e.g., P. acnes or Neisseria spp. in patients 1, 4, 5, 7),
but less effective against species such as Pseudomonas (patient 2). Viruses and fungi were also often detected
and were not affected by the antiviral/-fungal prophylaxis. When the infection was dominantly fungal or viral
(patients 3, 5, 6), persistent fever samples contained the most reads, while in bacterial infections, fever onset
samples had the highest number of reads.
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Figure 2. (A) Shannon’s diversity index is shown for bacteria, fungi and viruses at different time points of
neutropenic fever. Significant decrease can be seen in bacterial diversity in follow up samples, due to antibiotic
treatment. *denotes p < 0.05. (B) Distribution of microbial reads per time points.

In patients 3 and 6, fungal and viral taxa were dominant, and the number of reads increased with fever (Fig. 4).

Laboratory data. WBC and ANC were compared between patients in different disease stages (Fig. 5A), and
with and without detected microbial DNA. WBC was significantly lower in patients when microbial DNA was
identified (p < 0.05, Fig. 5B).

Samples with the highest microbial reads (>10,000 reads, n = 6) had significantly lower WBC (p < 0.05) and
lower ANC (p > 0.05) than samples with less microbial reads found (Fig. 5C).

Bacterial resistance. Tetracycline resistance genes were found in 2 samples (patient 4, fever sample, and
patient 7, persistent fever sample 1). MLS (Macrolide Lincosamide Streptogramin) resistance genes were found
in 4 samples (patient 3 (persistent fever), patient 4 (fever and persistent fever samples), and patient 7 (persistent
fever sample 1)).

Gene ontology (GO) analysis. In bacterial reads, significant differences were found in molecular processes
(binding processes and hydrolase activity) between persistent fever and follow up samples (p < 0.05, Fig. Sla).
Metabolic processes also showed a difference between these two groups (p < 0.05, Fig. S1b).

In fungal reads, molecular functions and biological processes did not show changes throughout the disease,
assuming the lack of active antifungal drugs (Fig. S2).

The molecular functions and biological processes did not show a significant change in viral reads, although the
hydrolase activity was elevated in persistent fever samples (p > 0.05, Fig. S3).

Discussion

Although the blood is considered sterile in physiological state, it may harbor dormant microbes, or microbes
can enter the bloodstream due to translocation or pathological conditions!!. BSI is treated with empirical
broad-spectrum antimicrobials, which are often not efficient against the invading microbes due to the lack of
specificity or resistance mechanisms?. Even though detection of microbial DNA in the blood does not necessarily
imply the presence of viable pathogens, it is associated with worse clinical outcomes®!>!%; Fig. 5 in present study).

In this study, blood samples from patients with acute leukemia and suspected bloodstream infection were
subjected to characterizing their microbiota using shotgun metagenomics. To our knowledge, this is the first
investigation of uncultured microbial content and their resistance genes in blood samples from BSIs. Our results
corroborate previous findings that the routinely used blood culture only detects a proportion of pathogens?, and
our findings confirm the presence of viral and fungal pathogens in immunocompromised patients”®.

The risk of infection is much greater in leukemic patients due to comorbidities and side effects of chemother-
apy. BSI is often caused by bacteria, but can also be caused by fungi and viruses”®. While bacterial infections are
diagnosed with blood culture and treated with antibiotics, fungal and viral infections often go undetected in BSI
cases, although they are associated with higher mortality rates in cancer patients®!. As expected, the employed
antibiotic treatment was effective against the majority of bacteria, but dominantly viral (including bacteriophages)
and fungal pathogens were detected in 4 patients (Fig. 4). Fungal infections are an important cause of mortality
in neutropenic cancer patients®!°, with A. fumigatus and C. albicans being mainly responsible for the infections,
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Figure 3. (A) Distributions of bacterial reads are shown in different diseases stages, with Propionibacterium
dominating during the initial fever episode, while Corynebacterium, Staphylococcus and Dolosigranulum were
also detected in persisting fevers. Bacterial taxa which consisted of <1% of all reads in a sample are not shown.
(B) Distribution of fungal taxa detected in the samples used in this study indicate the presence of Fusarium in
different disease stages, possibly implying subclinical fungal infections. (C) Distribution of reads belonging viral
taxa at different sampling time points. Numbers within the pie charts indicate the number of samples positive
for the given pathogen.
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along with Fusarium and Trichosporon species. Posaconazole, which was used as fungal prophylactic is effective
against most fungal pathogens but resistance can occur against this drug in Fusarium species'>~'8. Fusarium
oxysporum was the most commonly detected fungal species in the current study (patients 5-7, Fig. 3B) with fun-
gal load changing with fever (Fig. 4), which might indicate low level of persistent, possibly subclinical fungemia.

Viruses commonly occur in leukemic patients with febrile neutropenia®’. For the patients included in this
study, acyclovir was used as a prophylactic drug to prevent Herpesvirus-related infections. Herpesviruses are
commonly detected in leukemic patients with neutropenia®’, and were detected in 2 samples from 1 patient in
our study as well, while TTV was the most commonly detected viral species (3 patients, 6 samples). TTV has been
detected in leukemic patients but its causative role has not been proven; it was hypothesized however that TTV
can be a co-virus in participating in the disease etiology in leukemia!®. Bacteriophages are considered as part of
the normal microbiota®; in this study, phages have been detected dominantly during persisting fever directly after
antibiotic treatment, indicating that the origin of phages were bacteria degraded by antibiotics (Figs 2 and 3C).
Additionally, antibiotic treatment is a strong inducer of the release of bacteriophages???, which can explain their
elevated hydrolase activity (Fig. S3). In case of detection of bacteriophages, their corresponding host bacteria were
also detected as phages exert high level of host specificity?.

Bacteria mostly occurred in fever and persistent fever samples, but were almost non-existent in follow up
samples, due to the antibiotic treatment (Fig. 2). P. acnes, Staphylococcus and Corynebacterium spp were detected
commonly in samples included in this study (Fig. 3A). Dolosigranulum pigrum and Neisseria spp bloodstream
infections were also frequently detected, as they can be opportunistic pathogens in patients with immunosuppres-
sion**"¥”. Many bacteria have been detected and/or have been implied as causative in cancers?. Acinetobacter has
been detected in acute leukemia and was postulated to play a role in bacteria-human cell lateral gene transfer?;
this genus was detected in 5 samples from 2 patients in this study. Also, mucosal injury or damage in the lumen
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Figure 4. Relative abundances of bacterial, fungal and viral taxa are shown in individual samples. The
highest bar for each patient represents the highest number of reads; the heights of other bars of the same patient
are proportional to the highest. Wider bars represent taxa on the species level, slim bars show domains. Only
taxa with >1% relative abundance are shown.

can also occur as a side effect of chemotherapy and opportunistic bacteria can enter the bloodstream in hemato-
logical malignancies®*%,

GO analysis of bacteria showed significant changes with antibiotic administration (Fig. S1), implying the
effectiveness of antimicrobial drugs and adaptation of bacteria. GO analysis also confers the notion of resistance
of the F. oxysporum strains as there were no changes in molecular functions and biological processes throughout
the treatment (Fig. S2) despite of antifungal prophylaxis. The elevated ratio of transport processes in fungal reads
might indicate resistance to drugs as the rate of transport of antimicrobial agents can be insufficient compared
to the efflux pumps, resulting in inefficient doses®. The elevation of hydrolase activity in viral reads (Fig. S3) is
most likely due to the release of phages with the degradation of bacteria in persistent fever samples (1 day after AB
administration), as no changes were observed between fever onset and follow up samples.

In summary, this work confirms the presence of viral and fungal pathogens alongside bacteria and antibiotic
resistance genes in leukemic patients with neutropenic fever. The presence of microbial DNA and the number of
sequencing reads were correlated with lower WBC counts in blood samples included in this study. Altogether,
our results imply the possible utility of this technology in personalized medicine in the antimicrobial treatment
of patients with acute leukemia.

Materials and Methods
Study population and sampling. Eight patients with acute myeloid leukemia and one patient with acute
lymphocytic leukemia considered suitable for dose intensive antitumoural treatment at the Hematology Center,
Karolinska University Hospital in Stockholm, Sweden, were enrolled for this study upon diagnosis. Included
patients were sampled with two 4.5 mL EDTA tubes for venous blood at different time points: 1) at hematological
diagnosis, 2) at fever onset during neutropenia before intravenous broad-spectrum antibiotic treatment was ini-
tiated, 3) persisting fever during intravenous broad-spectrum antibiotic treatment, and 4) follow-up samples 1-5
days after the initiation of antibiotic treatment.

Data on white blood cell count (WBC), absolute neutrophil count (ANC), C-reactive protein (CRP) levels,
Multinational Association for Supportive Care in Cancer (MASCC) Risk Scores, and hematological diagnoses
were extracted retrospectively from the patients’ medical records. Samples were handled anonymously.
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Figure 5. (A) Clinical characteristics of the samples used in this study, measured at the time of sampling.
(B) Comparison of white blood cell count and absolute neutrophil count between samples with and without the
presence of microbial DNA. (C) Comparison of WBC and ANC between samples with the highest microbial
reads (>10,000) versus samples with microbial reads lower than 10,000. *denotes p < 0.05. WBC: white blood
cell count, ANC: absolute neutrophil count, CRP: C-reactive protein, MASCC: Multinational Association for
Supportive Care in Cancer risk score.

Antimicrobial treatments. Al patients were treated with empirical broad-spectrum antibiotics at fever
onset, according to international IDSA guidelines. Five of the patients received ciprofloxacin prophylaxis.
Acyclovir and posaconazole were used as antiviral and antifungal prophylactics for all patients, in accordance
with the local hospital guidelines (Table S1).

Ethics statement. All subjects provided written, informed consent. The study, and all experimen-
tal protocols used in this study was approved by The Regional Ethical Review Board, Stockholm (Regionala
Etikprovningsndmnden Stockholm, recordal 2012/1929-31/1), and were carried out in accordance with the
approved guidelines.

Definitions. Fever was defined as a single oral temperature of >38.5°C or a temperature of >38.0°C per-
sisting for >1hour. Neutropenia was defined as a neutrophil count of <0.5 x 107 cells/L, or a higher count with
an expected decrease to <0.5 x 10° cells/L within 24 hours.

Sample preparation and sequencing. Blood samples for sequencing were drawn into sterile 4.5 ml
Vacutainer (Becton Dickinson, Franklin Lakes, NJ USA) tubes, were kept at 4°C and processed to DNA extrac-
tion within 1-24 hrs. MolYsis Complete5 kit (Molzym Life Science, Bremen, Germany) was used to extract bac-
terial DNA following the manufacturer’s instructions with the following exceptions: 5 minutes were used for the
final elution instead of 1, and samples were dissolved in 50 pl water instead of 100 pl. One g of the eluted DNA
was then processed to NebNext microbiome enrichment (New England Biolabs, Ipswich, MA, USA) following
the manufacturer’s instructions. Ten ng DNA was subjected to multiplex displacement amplification, using the
GenomiPhi V2 DNA amplification kit (GE Healthcare, Little Chalfont, United Kingdom), with 90 minutes ampli-
fication resulting in 2-4 ug DNA. Two ug DNA was used for library preparation with the Nextera XT kit, and
libraries were processed to a 2*100 base pair PE sequencing on a HiSeq 2500 instrument. The data generated in
this study was uploaded to the NCBI Sequencing Read Archives under experiment SRX1381258.

Validation of the assay. Escherichia coli NCTC 9001 genomic DNA was spiked in to microfiltered human
blood (Sigma-Aldrich) in 10-fold dilutions from 1 million CFU to 0. No template controls did not generate
sufficient background amplification with the standard protocol for sequencing, therefore the MDA reaction was
performed for 3 hours and processed as described above. E. coli DNA spiked into sterile blood was detected
down to 10 CFU. Control samples (microfiltered human blood, “Negative blood”) and a sample without added
DNA (“No template control’, Fig. 4) were dominated by bacterial species, Achromobacter piechaudii and xyloso-
dans, Pseudomonas species and Massilia timonae, with several of them have already been reported as reagent
contaminants®!.

SCIENTIFICREPORTS | 6:23532 | DOI: 10.1038/srep23532 6



www.nature.com/scientificreports/

Data analysis. Reads shorter than 30 bp and with Phred quality scores below 30 were discarded using the
Fastx toolkit. Paired end reads were merged using the Flash software®?, while unpaired reads were discarded.
RTG Core 3.4% was used to filter reads against the human genome (build Hg_19), and to map the unmapped
reads to fungal, bacterial and viral whole genome sequences (downloaded from the NCBI Microbial Genomes
Resources (http://www.ncbi.nlm.nih.gov/genomes/MICROBES/microbial_taxtree.html)), with minimum e value
set to 107°. Duplicate reads were removed from the analysis using RTG Core 3.4. Taxa detected in the no template
control sample, or in the spike in sample with 0 copies of E. coli, or with <10 reads/taxon were not included. The
ARG-ANNOT database was used to detect antibiotic resistance genes. GO analysis was performed using the
Blast2GO v3 software, with e= 107°. Statistical analysis was performed using the Mann-Whitney U-test, with
significance set to 0.05.
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