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Preface 
This thesis presents the work I conducted between October 2015 and December 2018 in the Research 
Group for Genomic Epidemiology, National Food Institute, Technical University of Denmark. The project 
was carried out in collaboration with the Copenhagen University Hospital Rigshospitalet, Copenhagen, 
Denmark. The work was supported by the European Union’s Framework program for Research and 
Innovation, Horizon2020 (643476), and by the National Food Institute, Technical University of Denmark. 
 
Chapter 1 introduces the motivation and objectives of this PhD project. In chapter 2, a general overview 
is provided of the human microbiota and its interactions with the host immune system in health and 
disease. Subsequently, an introduction is given to hematopoietic stem cell transplantation (HSCT), and 
the role of the microbiota in HSCT. The latter presents knowledge from studies other than this thesis. The 
contributions of the work within this thesis is related to recent literature in chapter 5 (see below). In 
Chapter 3, I discuss the methodological challenges faced during this project, and the decisions that were 
made to overcome them. In the fourth chapter, the three manuscripts that are part of this thesis are 
presented. Manuscript I has been submitted and is currently undergoing the second round of review. 
Manuscripts II and III are in preparation.   
 
Chapter 5 constitutes a review of host-microbiota interactions in HSCT, discussing current knowledge 
including the contributions of this PhD thesis. This chapter is also intended to serve as a concise summary 
of the findings presented in the three manuscripts. However, to avoid redundancy, the discussion focusses 
on findings across studies, and does not repeat every individual finding. This serves the purpose of 
answering the key questions of this PhD project with respect to different study populations (allogeneic 
versus autologous HSCT patients; children versus adults), and microbiota at different body sites (gut, and 
oral and nasal cavities). Chapter 6 comprises concise, general conclusions corresponding to the key 
questions of the project stated in chapter 1. More specific conclusions serve as the base for future 
perspectives in chapter 7. 
 
 
Ethics approval and consent to participate 
For all studies included in this thesis, written informed consent for participation was obtained from 
patients and/or their legal guardians. Study protocols were approved by the local ethics committee and 
the Danish Data Protection Agency. Approval numbers are provided within the respective manuscripts.  
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Summary 
The commensal human microbiota and the human immune system form an inseparable unit. Reciprocal 
effects ensure their homeostasis. The microbiota is crucial for immune system maturation and contributes 
directly and indirectly to innate and adaptive immune defense mechanisms. In turn, the immune system 
tolerates and selectively spares commensal microbial colonizers, and shapes the community structure. 
Immune-microbial interactions are crucial in the healthy host. Upon acute or chronic disease, especially 
when involving infections and inflammation, changes in bacterial diversity and in the residential microbial 
community structure have become evident. In a number of conditions including cancer, the state of the 
microbiota is associated with clinical outcomes and the patients’ recovery from disease might to a certain 
extent depend on it. This attracts attention to the microbiota as a promising resource for future clinical 
predictive and prognostic markers, and even as a target for therapeutic modulation. However, the 
underlying mechanisms that play a role in homeostatic and disturbed immune-microbial interactions in 
the human host are not completely understood. A concept that is of interest for studying the role of the 
microbiota constitutes hematopoietic stem cell transplantation (HSCT). It involves the treatment of 
patients with e.g. hematologic malignancies, such as leukemia, through the infusion of a donor’s 
(allogeneic) or their own (autologous) stem cells. Preceding HSCT, patients undergo preparative 
immunosuppressive and chemotherapeutic regimens, and antimicrobial prophylaxis. These treatments 
introduce immuno-compromisation and changes in the commensal microbiota.  
The aim of this thesis was to characterize interactions of the microbiota and the human immune system 
in the context of HSCT. For cohorts of allogeneic and autologous HSCT patients, we implemented 
longitudinal study designs spanning the time from before, at the time of, and after transplantation. By 
using 16S rRNA gene profiling, we assessed temporal dynamics of the gut, oral, and nasal microbiota. We 
determined changes in bacterial alpha diversity, proportional changes on taxonomic family level, and 
temporal abundance trajectories of specific phylogenetically closely related sequence variants. In 
multivariate multi-table analyses, we examined whether changes in the microbial community structure 
are associated with immune cell counts, immune markers and clinical outcomes after transplantation. We 
accounted for patient characteristics, such as age and sex, underlying disease, transplantation modalities, 
such as stem cell source, and treatment regimens. Moreover, we assessed in a machine learning approach 
whether microbial abundances prior to transplantation can be used to predict the development of graft-
versus-host disease (GvHD) after allogeneic HSCT.  
In the first study, we investigated host-microbial associations in children undergoing allogeneic HSCT. We 
focused on dynamics in the gut microbiota around the time of transplantation and during the first month 
post-HSCT. We found that high abundances of the Lactobacillaceae family were associated with the 
occurrence of moderate to severe acute GvHD and high mortality. These concerned patients also had high 
plasma levels of the antimicrobial peptide human beta-defensin 2 (hBD2), which we assessed for the first 
time in the HSCT context. High abundances of the families Ruminococcaceae and Lachnospiraceae were 
associated with rapid reconstitution of NK and B cells. Moreover, treatment with specific antibiotics were 
associated with high Enterobacteriaceae abundances.  
In the second study, we were interested in studying long-term microbial abundance dynamics in relation 
to pediatric allogeneic HSCT and therefore monitored the microbiota over a period of one year. We also 
examined the microbiota at additional mucosal sites, namely the oral and nasal cavities. With the aid of 
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phylogenetic trees, we identified taxa that discriminated the microbial community structure between 
time points. These taxa included for instance Enterococcus spp. and Blautia spp. in the gut. While the 
temporal trajectory of Enterococcus spp. showed an expansion after transplantation, Blautia spp. 
decreased in abundance. Similarly, abundances of Actinomycetaceae in the oral cavity and 
Corynebacteriaceae in the nasal cavity decreased post-transplant. Common to all was the regain of pre-
transplant like abundance levels after approximately three months. Furthermore, pre-transplant 
abundance of specific taxa at all three body sites, e.g. intestinal Parabacteroides distasonis, in this cohort 
showed potential to predict subsequent acute GvHD development. We contextualized these findings by 
integrating microbial abundances with the above named host parameters in multivariate analyses. This 
revealed similarities in host-microbial associations at the gut, oral, and nasal sites.  
The third study comprised investigations within a cohort of adult autologous HSCT recipients. Previous 
research including our first two studies focused primarily on allogeneic HSCT. Here, we revealed 
associations of gut, oral, and nasal microbial abundances with host immune parameters in autologous 
HSCT patients. For instance, the abundances of oral Prevotella spp. correlated with counts of T lymphocyte 
subpopulations. Since the findings in this study are based on a rather small group of patients, further 
research is needed to validate our observations.  
This thesis extends the knowledge about interactions of the microbiota and the host immune system in 
hematopoietic stem cell transplantation. We extend the knowledge about commensal microbial shifts 
after HSCT by characterizing not only patterns of disturbance early after transplantation, but also the 
reconstitution of the microbiota at late follow-up time points. The ‘three months’ time point might 
provide a crucial temporal threshold for evaluating whether microbial homeostasis has been regained. 
Microbial associations with specific immune markers, such as hBD2, were assessed, which are novel within 
the HSCT context. We suggest further targeted research to evaluate the clinical relevance of these 
markers. The correlation between abundances of specific commensal taxa and adaptive and innate 
immune cell reconstitution after HSCT constitutes an interesting novel finding that is in line with the role 
of the microbiota in immune system maturation in the health host. This emphasizes the importance of 
microbial homeostasis in HSCT patients and warrant careful considerations with regards to antimicrobial 
treatment in these patients. We revealed host-microbial associations shared across body sites, e.g. certain 
immune cell counts that correlate with microbial abundances of gut, oral, and nasal taxa. Since the 
feasibility of collecting oral and nasal swab samples is higher compared with fecal sample collection, these 
findings might open opportunities for future clinical routine screening of the microbiota, and thereby to 
take advantage of its possible value in guiding personalized treatment strategies. We showed that acute 
GvHD post-transplantation might be predicted from microbial abundances pre-HSCT in our cohort, and 
propose that the predictive potential of specific taxa is worth validating in further cohorts. Specific 
microbial markers might in the future aid with identifying patients at risk of adverse outcomes and allow 
for early preventive interventions. Our initial findings in a small cohort of autologous HSCT patients 
highlight the relevance of investigating the role of the microbiota in this patient group, which is also of 
importance as a reference for allo-HSCT cohorts concerning donor-related effects.   
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Dansk resumé 
Den kommensale humane mikrobiota og det humane immunsystem danner en uadskillelig enhed og 
sammenspillet mellem dem sikrer deres homøostase. Mikrobiotaen er afgørende for modning af 
immunsystemet og bidrager direkte og indirekte til medfødte og adaptive immunforsvarsmekanismer. 
Immunsystemet tåler og skåner selektivt kommensale bakterier og former den mikrobielle 
samfundsstruktur. Immun-mikrobielle interaktioner er afgørende for den sunde humane vært. Ved akut 
eller kronisk sygdom, især når det drejer sig om infektioner og betændelse, er ændringer i bakteriel 
diversitet og i den mikrobielle samfundsstruktur blevet vist. I en række sygdomme, herunder kræft, spiller 
mikrobiotaen en rolle, og patienternes helbredsmæssige bedring kan i et vist omfang afhænge af den. 
Netop dette gør mikrobiotaen til en potentiel kilde for fremtidige kliniske prædiktive og prognostiske 
markører, og også til en komponent som muligvis kan moduleres som en del af behandlingen. Imidlertid 
er de underliggende mekanismer, der spiller en rolle i homøostatiske og forstyrrede immun-mikrobielle 
interaktioner i den menneskelige vært, ikke fuldstændig forstået. Et koncept, som er af interesse for at 
studere mikrobiotaens rolle, udgør hæmatopoietisk stamcelletransplantation (HSCT). Dette involverer 
behandling af patienter med f.eks. hæmatologiske maligne sygdomme, såsom leukæmi, ved infusion af 
en donors (allogen) eller deres egne (autolog) stamceller. Forudgående HSCT undergår patienter 
præparative immunosuppressive og kemoterapeutiske regimer og antimikrobielle profylakse. Disse 
behandlinger gør at patienterne bliver immunsvækkede, og at der efterfølgende sker ændringer i deres 
kommensale mikrobiota. 
Formålet med denne afhandling var at karakterisere interaktioner mellem mikrobiotaen og det humane 
immunsystem i forbindelse med HSCT. For kohorter af allogen og autolog HSCT-patienter gennemførte vi 
longitudinelle studier, der dækker perioden før, under, og efter transplantationen. Ved at anvende 16S 
rRNA gen sekventering, vurderede vi de tidsmæssige forandringer i tarm samt forandringer af oral og nasal 
mikrobiota. Vi viste ændringer i bakteriel alfa-diversitetet, proportionale ændringer på taksonomisk 
familieniveau, og tidsmæssige ændringer af specifikke fylogenetisk nært beslægtede ’sekvensvarianter’. I 
multivariate multi-tabel analyser undersøgte vi, om ændringer i den mikrobielle samfundsstruktur 
korrelerede med antallet af immunceller, immunmarkører og kliniske ’outcomes’ efter transplantation. Vi 
tog højde for patienternes alder, køn, underliggende sygdomme, transplantations modaliteter, såsom 
stamcellekilde og behandlingsregimer. Desuden vurderede vi, ved brug af ’machine learning’, om antallet 
af visse bakterier før transplantationen kan anvendes til at forudsige udviklingen af graft-versus-host-
sygdom (GvHD) efter allogen HSCT. 
I det første studie undersøgte vi værtsmikrobielle korrelative sammenhænge hos pædiatrisk allogen HSCT 
patienter. Vi fokuserede på forandringer i tarmens mikrobiota omkring transplantationstidspunktet og i 
den første måned efter HSCT. Vi fandt, at et højt antal af bakterier tilhørende Lactobacillaceae-familien 
opstod sammen med forekomsten af moderat eller alvorlig akut GvHD og høj dødelighed. Disse patienter 
havde også høje plasma niveauer af det antimikrobielle peptid human beta defensin 2 (hBD2), som vi 
vurderede for første gang i HSCT-konteksten. Et højt antal af bakterier tilhørende familierne 
Ruminococcaceae og Lachnospiraceae  blev observeret sammen med hurtig rekonstitution af NK og B-
celler. Desuden var behandling med specifikke antibiotika forbundet med et højt antal af 
Enterobacteriaceae.  
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I vores anden studie var vi interesserede i at undersøge langsigtede mikrobielle forandringer i forhold til 
pædiatrisk allogen HSCT og overvågede derfor mikrobiotaen over en periode på et år. Vi undersøgte også 
mikrobiotaen på andre slimhinder, nemlig mund- og næsehule. Ved hjælp af fylogenetiske træer 
identificerede vi taxa, der adskilte den mikrobielle samfundsstruktur på forskellige tidspunkter. Disse taxa 
omfattede f.eks. Enterococcus spp. og Blautia spp. i tarmen. Vi fandt at antallet af Enterococcus spp. steg 
efter transplantationen mens antallet af Blautia spp. faldt. Tilsvarende faldt antallet af Actinomycetaceae 
i mundhulen og Corynebacteriaceae i næsehulen efter transplantationen. Fælles for dem alle var, at 
antallet af bakterier tilsvarende til før transplantationen blev opnået igen efter ca. tre måneder. Endvidere 
var det muligt i denne kohorte, at forudsige udvikling af akut GvHD fra antallet af specifikke taxa i tarmen, 
og mund- og næsehulen, f.eks. Parabacteroides distasonis i tarmen, før HSCT. Vi kontekstualiserede disse 
resultater ved at integrere antaller af bakterier med ovennævnte værtsparametre i multivariate analyser. 
Dette afslørede overenstemmelser i værtsmikrobielle korrelative sammenhænge vedrørende bakterier i 
tarmen, og i mund- og næsehulen. 
Det tredje studie omfattede undersøgelser inden for en kohorte af voksne autologe HSCT-patienter. 
Tidligere undersøgelser, inklusiv vores første to studier, fokuserede primært på allogen HSCT. Her viste vi 
korrelationer mellem antaller af bakterier i tarmen, og i mund- og næsehulen og værtsparametre hos 
autologe HSCT-patienter. For eksempel, korrelerer antallet af oral Prevotella spp. med antallet af T-
lymfocyt-subpopulationer. Fordi resultaterne i dette studie er baseret på en ret lille gruppe patienter, er 
der behov for yderligere forskning for at validere vores observationer. 
Denne afhandling bidrager til øget viden om interaktioner mellem mikrobiotaen og værtsimmunsystemet 
i forbindelse med hæmatopoietisk stamcelletransplantation. Vi udvider kendskabet til kommensale 
mikrobielle forandringer efter HSCT ved at karakterisere ikke kun forstyrrelsen af den mikrobielle 
samfundsstruktur tidligt efter transplantationen, men også rekonstituering af mikrobiotaen sener efter 
HSCT. ’Tre måneders tidpunktet’ kunne give en afgørende tidsgrænse for at vurdere, om mikrobiel 
homøostase er blevet genvundet. Mikrobielle korrelationer med visse immunmarkører, såsom hBD2, blev 
for første gang undersøgt i HSCT-konteksten. Vi foreslår yderligere målrettet forskning for at vurdere den 
kliniske relevans af disse markører. Den potentielle sammenhæng mellem antallet af specifikke 
kommensale taxa, og rekonstituering af adaptiv og medfødt immunsystemet efter HSCT udgør et 
interessant og nyt resultat, som er i overensstemmelse med mikrobiotaens rolle i immunsystemets 
modning i den sunde vært. Dette understreger vigtigheden af mikrobiel homøostase hos HSCT patienter 
og fremtidelige overvejelser med hensyn til antimikrobiel behandling hos disse patienter anbefales derfor. 
Vi afslørede værtsmikrobielle korrelationer, f.eks. antal af visse immunceller, der korrelerer med antal af 
specifikke bakterier i tarmen, og mund- og næsehulen. Da der er bedre mulighed for at indsamle oral og 
nasal svabeprøver sammenlignet med afføringsprøver, kan disse resultater påpege muligheder for 
fremtidig undersøgelser af mikrobiotaen på hospitalet og derved muligvis være til gavn af styring af 
personlige behandlingsstrategier. Vi viste, at akut GvHD kunne forudsiges baseret på antal af visse 
bakterier forud for HSCT i vores kohort, og vi foreslår, at det prediktive potentiale af specifikke taxa skal 
valideres i yderligere større kohorter. Specifikke mikrobielle markører kan i fremtiden muligvis hjælpe 
med at identificere patienter med risiko for negative ’outcomes’ og give mulighed for tidlige forebyggende 
indgreb. Vores forløbige resultater af en lille gruppe autologe HSCT-patienter fremhæver relevansen af at 
undersøge mikrobiotaens rolle i denne patientgruppe, hvilket også er vigtigt som reference for allo-HSCT 
kohorter vedrørende donorrelaterede effekter. 
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1. Introduction 

1.1 Motivation for this PhD project 

The development of the human immune system, both throughout the evolution of our species and in each 
newborn child, is highly dependent on the microorganisms that the human body comes to harbor. From 
this ongoing co-evolution emerge a homeostatic symbiosis and beneficial host-microbial interactions. 
However, the underlying mechanisms and mutual effects of the interplay between the human immune 
system and the commensal microbiota in health and disease are not completely understood. In this PhD 
project, these interactions were studied in a unique setting of particular relevance where components of 
the immune system are replaced, namely in patients undergoing hematopoietic stem cell transplantation.  

1.2 Objectives of this PhD project 

The key role of a homeostatic interplay between the residential microbiota and the host immune system 
in protection from inflammation and infection has been proposed by previous research. This PhD project 
aimed to investigate this interplay by making use of a scenario of ‘host-transplantation’, i.e. hematopoietic 
stem cell transplantation.  
 
The objectives of this PhD thesis were to answer the following key questions:  

 
1. How does a stem cell graft shape the recipients’ microbiota after transplantation and what does 

that teach us about the influence of the host’s adaptive immune system on the formation of a 
homeostatic microbiota in general?    
 
 

2. How does a stem cell graft influence the recipients’ innate immune components such as 
antimicrobial peptides and innate immune cells, and their capability to maintain microbial 
homeostasis during the transplant process? 
 
 

3. Does the presence and abundance (and/or changes thereof) of certain bacterial taxa before and 
after transplantation correlate with and potentially predict the status of distinct immune markers 
and HSCT-associated side effects, such as infections and acute graft-versus-host disease? 
 
 

4. Does the presence and abundance (and/or changes thereof) of certain bacterial taxa before and 
after transplantation correlate with and potentially predict clinical outcomes, such as relapse, and 
survival? 
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2. Background  

2.1 The human microbiota 

The human body is colonized by distinct bacterial communities at various body sites. Their numbers might 
give a glimpse of their importance: For every human cell, 1.3 bacterial cells are estimated to be present 
in the human body, constituting the bacterial part of the human microbiota [1]. The collection of their 
genes, the bacterial part of the microbiome, outnumbers us to an even larger extent. In  the gut alone, 
the microbiome is suggested to comprise as many as 2,000,000 genes, 100 times more than human genes 
(estimated 20,000) [2, 3]. Distinct niches select for highly adapted sets of commensal colonizers at 
different body sites. In the following paragraphs, the microbial communities of the human gut, oral cavity, 
and nasal cavity, which were subject to research in this thesis, will be introduced in more detail. 

2.1.1 The gut microbiota 

The gut is the body’s largest surface and is suggested to harbor up to 1,000 different bacterial species 
providing various crucial functionalities to their hosts [2, 3]. These include, among others, digestion, 
nutrient metabolism, as well as immune system maturation and modulation [4, 5].  The latter is facilitated 
by close, mutual interactions of the gut microbial community and the host immune system at the intestinal 
mucosal surface [6]. The current consensus points to the absence of a microbiota in utero, even though  a 
few studies have reported bacteria present in the placenta or the amniotic fluid [7]. Either way, the well-
studied succession of the human gut microbiota starts latest at birth, when the newborn child is exposed 
to maternal vaginal and skin commensals [8]. During the first year of life, the gut is predominantly 
inhabited by members of the phyla Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes, and 
Verrucomicrobia [9]. Among the first gut colonizers right after birth are aerobic and facultative anaerobic 
bacteria, e.g. Enterobacteriaceae (Proteobacteria) [8]. A few days later, depletion of initially high oxygen 
levels in the infant gut allows the growth of obligate anaerobes, such as Bifidobacterium spp. and 
Bacteroides spp. [8]. These human milk oligosaccharide utilizing bacteria typically dominate the infant’s 
gut microbiota during the period of breast-feeding [8]. With the introduction of solid food, predominance 
shifts to taxa affiliated with the class Clostridia, such as Blautia spp. and Ruminococcus spp., as well as 
Bacteroides spp., which can process plant-derived polysaccharides [6, 10]. Even though the infant’s diet 
is closely related to gut microbiota maturation, mode of delivery, gestational age at birth, maternal diet, 
host genetics, and environmental factors also play important roles, and are subject to intense research 
[6]. It is suggested that the gut microbiota acquires an adult-like composition within the first three years 
of life [7, 10]. However, the gut microbiota undergoes further essential changes from childhood to 
adulthood. In both, older children and young adolescents (7-14 years), and adults, the phyla Firmicutes, 
Bacteroidetes, Proteobacteria, Verrucomicrobia, and Actinobacteria represent the majority of gut 
commensals [11, 12]. Among older children and young adolescents, Bacteroides and Alistipes (both 
Bacteroidetes), the Firmicutes affiliated genera Faecalibacterium, Dialister and Roseburia, as well as 
genera within the Ruminococcaceae family are the most abundant [11, 12]. In adults, the abundance of 
Bacteroides increases compared to children and adolescents, while the abundance of Bifidobacterium spp. 
decreases [12]. 
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2.1.2 The oral microbiota 

After the gut, the oral cavity is the environment within the human body harboring the highest abundance 
of microbes. The oral microbiota differs by niche, e.g. saliva, dental plaque and buccal mucosa. Within the 
oral cavity, the environment of the buccal mucosa is unique as it is shedding and due to its direct 
interaction with the innate and the adaptive immune system, comparable to the intestinal mucosa. 
Furthermore, the composition of the oral microbiota varies with age as children undergo different 
dentition stages, from absence of dentition in neonates to primary, mixed, and eventually permanent 
dentition, constantly changing the oral environment [13].  
In healthy children and adults, the oral microbiota is dominated by members of the phyla Firmicutes, 
Proteobacteria, Bacteroidetes, Actinobacteria, Spirochaetes, Fusobacteria, and Saccharibacteria (formely 
named TM7) [13, 14]. Major genera comprised in the oral ‘core’ microbiome of adults are Streptococcus 
and Veillonella (Firmicutes),  Campylobacter, Cardiobacterium, Haemophilus, and Neisseria 
(Proteobacteria), Actinomyces, Bergeyella, Capnocytophaga, and Prevotella (Bacteroidetes), as well as 
Atopobium, Corynebacterium, and Rothia (Actinobacteria) [13, 15]. 
With increasing age, dominance of the major phyla persists, with an increased relative abundance of 
Firmicutes and Proteobacteria,  and a decreased relative abundance of Bacteroidetes in adults compared 
to 4-6 year old children [14]. However, a more notable change of the oral microbial composition with age 
becomes evident with higher phylogenetic resolution and within individual niches of the oral cavity. The 
genus Streptococcus, a highly abundant member of the oral microbiota, was the only genus identified as 
part of a ‘core’ microbiome of the buccal mucosa independent of age [14]. Even though they are known 
members of the overall oral microbiota in adults, a number of genera that accounted for the ‘core’ 
microbiome of the buccal mucosa in neonates, children and young adults (up to 17 years) did not persist 
in the buccal mucosa ‘core’ microbiome of adults. Among those genera were e.g. Granulicatella 
(Firmicutes), Veillonella (Firmicutes), Haemophilus (Proteobacteria), and Prevotella (Baceroidetes) [14]. 

2.1.3 The nasal microbiota 

The various microenvironments within the nose play key roles in both, the respiratory and the immune 
system. The nasal cavity represents the part that is most accessible for studying the nasal microbiota. 
Among the different niches within the nasal cavity, the anterior naris is the most exposed to external 
influences. The non-keratinized,  stratified squamous epithelium lining the anterior naris resembles that 
of the skin and is lined with sebaceous glands and vibrissae (coarse hairs) [16, 17]. 
Bacterial colonizers belonging to three phyla, namely Actinobacteria, Firmicutes, and Proteobacteria, 
account for the major part the of nasal cavity microbiota [16].  An interesting observation within this 
habitat is the colonization with Staphylococcus aureus in an estimated 30% of the human population [18]. 
Staphylococcus aureus carrier status has been related to various host and environmental factors, as well 
as to niche competition with commensals [16, 18–20]. 
Nasal cavity colonization undergoes a succession from infancy to adulthood [17]. During the first year of 
life, members of the Moraxellaceae family increase in abundance in healthy infants, while 
Corynebacteriaceae and Staphylococcaceae decrease [21, 22]. This may partially reflect a development 
away from an initial skin microbiota-like composition induced by close contact between mother and child 
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[21]. In prepubertal children (2-9 years), colonizers of the nares predominantly include taxa affiliated with 
the phyla Firmicutes (e.g. Streptococcus, Dolosigranulum, Gemella, and Granulicatella) and Proteobacteria 
(e.g. Moraxella, Haemophilus, and Neisseria) [23]. Dominance shifts to Actinobacteria in adults, with 
particularly high abundances of the genera Corynebacterium, and Propionibacterium, followed by 
Staphylococcus or Dolosigranulum (both Firmicutes, dependent on Staphylococcus aureus carrier status), 
and Moraxella (Proteobacteria) [16, 23]. The abundance of Propionibacterium members, which are 
sebum-utilizers, is particularly high in the anterior naris [16]. 

2.2 Interactions of the microbiota and the immune system in the healthy host  

The human immune system does not only co-exist with and tolerate the commensal microbiota. The two 
components rather depend on each other and form an inseparable physiological unit that maintains and 
promotes homeostasis. That is, ensuring protection against pathogens while restricting inflammation to 
a minimum. The following paragraphs will elucidate reciprocal shaping effects of the gut, oral, and nasal 
microbiota and the immune system that are relevant in the context of this thesis. Many of the insights 
described below are based on studies performed in mouse models and therefore the corresponding 
knowledge about host-microbial interactions in humans is merely translational [24]. Of note, in this thesis 
we chose a strategy to investigate host-microbial interactions feasible in human samples (namely during 
HSCT), to contribute to closing this translational gap. 

2.2.1 The role of the microbiota in immune system maturation 

The microbiota plays a crucial role in the development of the host immune system. Various animal model 
studies have demonstrated severely impaired immune maturation, both structurally and functionally, in 
germ-free (GF) mice [25]. The presence and structure of the commensal microbiota is thought to have 
such a critical impact on the immune system, that the period in early life where microbes facilitate 
immunological development of potentially life-spanning importance, has been termed the ‘window of 
opportunity’ [8, 25, 26]. 
GF mice exhibit immunological defects on several levels, affecting both the innate and the adaptive 
immune system. For instance, innate immune cell counts, e.g. neutrophils and monocytes, are reduced in 
GF and antibiotic-treated mice [27, 28]. Of particular importance to the adaptive immune system, the 
small intestine and mesenteric lymph nodes of GF mice are smaller and have reduced cell numbers 
compared to conventionally colonized animals [29]. Within these organs, certain lymphocyte populations 
are reduced in number or function [25, 29].  For instance, a lower frequency of certain intestinal CD4+ and 
CD8+ T lymphocyte subsets are characteristic for GF mice, as well as reduced production of 
immunoglobulin A (IgA) by plasma cells [25, 29]. Colonization of GF mice with mouse-specific gut 
microbiota could to a large extend rescue T cell numbers in the small intestine lamina propria, as well as 
intestinal epithelial lymphocyte numbers [5]. However, colonization of GF mice with rat-specific or 
human-specific gut microbiota failed to restore these lymphocyte deficiencies, indicating that not only 
the presence of any microbiota, but of a host-specific microbiota is key to immune system development 
[5]. Learning tolerance through antigen exposure is a crucial step in T cell activation, especially in infants 
[25]. Therefore, the environment in which the T cells develop is pivotal. The microbiota is an important 
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characteristic of the gut environment and it was suggested that host-specific gut colonizers might 
stimulate antigen uptake by antigen-presenting cells (APCs) which then activate T cells [5]. 

2.2.2 Interactions of the microbiota and the innate immune system 

The innate immune system constitutes the first line of defense against pathogens invading the host’s 
body. GF mice studies indicate that the microbiota is crucial for innate immune cell differentiation, not 
only for embryo-derived cells in early life stages, but also for hematopoiesis throughout host life [27, 30]. 
Hence, the microbiota contributes to innate immunological homeostasis, even in steady-state [31].  
Several innate immune cell types have been suggested to interact with the commensal microbiota. 
Neutrophils are considered the first responders to infection and are therefore key players in the innate 
immune response. Neutrophils are activated via stimulation of the nucleotide-binding oligomerization 
domain–containing protein-1 (Nod1) receptor with bacterial-derived peptidoglycan during infection [32]. 
Under steady-state conditions, neutrophil activity underlies regulation through gut commensal-derived 
peptidoglycan [33]. Neutrophils are also characterized by a particularly rapid turnover rate [34]. In this 
context, residential microbes in mice have been shown to promote ageing of neutrophils via Toll-like 
receptor (TLR) signaling, thereby elevating pro-inflammatory neutrophil activity [34]. Together, these 
mechanisms of neutrophil regulation by the microbiota are important for maintaining homeostasis of 
pathogen protection and inflammation-induced tissue damage [33, 34].  
Monocytes, another important innate immune cell type, are being recruited from the bone marrow via 
stimulation of CC-chemokine receptor 2 (CCR2) by monocyte chemotactic protein-1 (MCP1) [35]. Bacteria 
are suggested to drive monocyte recruitment from the bone marrow via tonic sensing of bacterial cell wall 
components, such as lipopolysaccharides (LPS), by mesenchymal stem cells in the bone marrow. Upon 
LPS-stimulation, these cells produce MCP1, thereby enhancing CCR2-mediated monocyte recruitment [31, 
35]. Even very low LPS-concentrations can facilitate monocyte migration, indicating not only a response 
to pathogenic stimulation, but a response also to minimal fluctuations in the commensal microbial 
community structure [35]. Subsequent to their release into the bloodstream, monocytes migrate to target 
tissues where they differentiate into macrophages or dendritic cells, both in steady state and during 
infection and inflammation [36]. This, too, underlies residential microbial influence: The adult mouse 
microbiota promotes the  recruitment of a sufficient number of monocytes from the bloodstream to 
constantly replenish the intestinal mucosa with macrophages, ensuring an adequately equipped first line 
of defense in the event of infection [30]. 
Another myeloid innate immune cell type regulated by the microbiota are basophils. Commensal 
microbes are involved in preventing allergic inflammation by restricting the steady-state population of 
this cell type [37]. Furthermore, the microbiota modulates natural killer (NK) cells, a lymphocyte 
subpopulation critically involved in the rapid innate immune response, particularly the anti-viral response 
[38]. Antiviral immunity through NK cells depends on commensal stimulation of interferon gene 
expression in macrophages and dendritic cells, which in turn activate NK cells - a mechanism that is 
impaired in GF mice [39, 40].  
An important non-cellular part of the innate immune system is represented by antimicrobial peptides 
(AMPs) [41, 42]. These small cationic and amphiphilic proteins contribute to the innate immune defense 
by immunomodulation and antimicrobial activity against a broad spectrum of bacteria, viruses, and fungi 
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[41–43]. In AMP-mediated killing, electrostatic attraction and binding of cationic AMPs by anionic 
phospholipids in the bacterial and other target cell membranes is followed by membrane penetration and 
microbial cell lysis [44]. Human AMPs comprise the groups cathelicidins, defensins, and histatins [45]. The 
defensins are divided into two types, human alpha- and beta-defensins. The alpha-defensins human 
defensin 5 and 6 (HD5 and HD6) are being produced by Paneth cells in the crypts of the small intestine 
(Figure 1) [45, 46]. Beta-defensins are more ubiquitously expressed by various epithelial cells, as well as 
by antigen presenting cells, such a macrophages and dendritic cells [47–49]. Certain AMPs, including HD5 
and HD6,  are constitutively expressed while the production of others, e.g. human beta-defensins 2 and 3 
(hBD2 and hBD3), requires microbial stimulation of AMP-producing cells through pattern recognition 
receptors (PRRs) [47, 49, 50].  In the intestine, enterocytes are predominant producers of AMPs and 
secrete them to form a chemical barrier to invading pathogens, but also to compartmentalize and shape 
the commensal microbiota, facilitating host-microbial homeostasis [45, 47, 50]. However, the interaction 
of AMPs and the microbiota exceeds the regulation of commensal homeostasis. The microbiota also 
contributes to AMP-mediated innate immune function: For instance, the expression of regenerating islet-
derived protein III-gamma (RegIIIγ), an AMP produced by Paneth cells and intestinal epithelial cells (IECs), 
is dependent on commensal TLR-mediated stimulation [51, 52].  
Another crucial mode of influence that the microbiota exerts on the host immune system involves  the 
modification or de novo synthesis of metabolites [53]. For instance, gut commensals utilize dietary 
compounds to produce short chain fatty acids (SCFAs), including butyrate produced by Firmicutes such as 
Faecalibacterium prausnitzii, as well as propionate and acetate produced by Bacteroidetes such as 
Bacteroides thetaiotaomicron [53]. SCFAs modulate innate immune cells and are for instance involved in 
neutrophil chemotaxis, and reduction of pro-inflammatory cytokine production in LPS-stimulated 
neutrophils and macrophages [53–56]. Furthermore, SCFAs serve as an energy source for enterocytes that 
oxidize e.g. butyrate to carbon dioxide [53, 57, 58]. 
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Figure 1. Interactions of the microbiota and the immune system in the healthy host, and in HSCT 
patients. The commensal gut microbiota retains a homeostatic relationship with the healthy human 
immune system, which is disturbed under the influence of conditioning regimens and GvHD in HSCT 
patients. Abbreviations: secretory immunoglobulin A (SIgA); pathogen-associated molecular patterns 
(PAMPs); NKT, natural killer T cell; DC, dendritic cell. Figure from Shono et al., 2018 [59]. 
 

2.2.3 Interactions of the microbiota and the adaptive immune system 

The adaptive immune system is a key player in maintaining host-microbial homeostasis, characterized by 
a diverse microbiota, integrity of mucosal barrier function, and minimal inflammation [26, 60, 61]. By 
producing IgA, plasma cells contribute to regulating the microbiota, e.g. in the gut. Firstly, IgA coats and 
agglutinates bacteria, both pathogens and commensals, and thereby promotes targeted effector cell 
reactions rather than direct contact with the mucosa, e.g. in the gut or nose [26, 60]. Like pathogens, 
commensals also induce IgA production, but to different degrees [61, 62]. Especially microbes residing in 
close proximity to the intestinal epithelium promote IgA responses via SCFA-mediated differentiation of 
naïve B cells to plasma cells, and enhancement of IgA secretion [26, 63]. Members of the microbiota 
underlie a constant selective pressure to evade the host immune system. In that context, it has been 
suggested that commensals gain a competitive advantage by reducing the induction of IgA production 
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[62]. This is achieved by strain diversification, which also benefits the host as it broadens the range of 
functionality that the microbiota can put at the host’s disposal. However, the interplay of IgA with the 
residential microbiota is yet more complex. For instance, IgA has been shown to influence gene expression 
in Bacteroides thetaiotaomicron in mono-colonized gnotobiotic mice, as a means of circumventing pro-
inflammatory signaling [26, 62]. The homeostasis regulation facilitated by IgA is enhanced by antibody 
diversification and affinity maturation which allow for highly specific targeting of commensals [64]. In 
summary, these findings give insights into crucial reciprocal effects between the microbiota and the 
humoral adaptive immune response.  
Of no less importance are interrelations of the microbiota and the cell-mediated part of the adaptive 
immune system. In mice, specific commensals have been reported to activate T cells, especially the CD4+ 
T cell subpopulations of T helper 17 (TH17) cells and T regulatory (Treg) cells (Figure 1) [26, 65]. Murine 
host-specific segmented filamentous bacteria (SFB) induced the differentiation of naïve CD4+ cells into 
TH17 cells by binding to the gut epithelium [66–68].  An equivalent effect in the human host remains to be 
investigated. However, human gut microbial strains from an ulcerative colitis patient were shown to 
induce TH17 activation in mice, indicating that a similar effect in humans is likely [66]. By activating TH17 
cells, the microbiota promotes homeostasis as TH17 cells contribute to mucosal integrity, e.g. in the gut 
and the oral cavity, by protecting against extracellular bacterial and fungal pathogens [69]. However, TH17 
cells can become pathogenic upon high cytokine stimulation, leading to pro-inflammatory signaling and 
autoimmune responses [26, 70]. To maintain homeostasis, anti-inflammatory counter-action by 
immunosuppressive Treg cells is crucial [26, 70, 71]. Expansion of Treg cells underlies commensal microbial 
influence, as well. Several Bacteroides and Clostridia cluster IV, XIVa and XVIII strains originating from 
human feces were shown to induce Treg cells in GF mice, e.g. through SCFA production [53, 72, 73]. These 
interactions are suggested to be highly strain and cell type specific [61]. For instance, specific human fecal 
strains of Bacteroides thetaiotamicron and Clostridium ramosum were shown to specifically induce the 
subpopulation of colonic RORg+Helios- Treg cells in monocolonized mice [61]. Even though the tested 
strains originated from the human intestine, the question remains to which extent findings from mouse 
models are translatable to humans. Furthermore, monocolonization experiments clearly omit microbe-
microbe interactions, which play an important role in homeostasis given the vast diversity of commensal 
colonizers. However, these findings provide important insights and guide the direction of investigating 
human host immune-microbial interactions. 

2.2.4 Specific interactions of the oral and nasal microbiota with the immune system  

Even though the majority of studies on host immune system-microbial interactions focus on the gut 
microbiota, other niches should not be neglected. Since we know that immunomodulation by the gut 
microbiota can be systemic, microbiotas residing at other body sites might be involved to a similar extent. 
Moreover, the microbial community structure at one site is not entirely independent of that at another 
site, e.g. demonstrated by the finding that gut and oral community state types could predict each other 
[74]. The oral microbiota is suggested to enhance host defense by promoting inflammation in the oral 
cavity [17]. For instance, neutrophil chemoattractants and pro-inflammatory interleukin 1 beta in the 
gingiva are upregulated to a larger extent in conventional compared with GF mice, suggesting important 
immunomodulatory function of the oral microbiota [75, 76]. The nasal microbiota has been proposed to 
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structurally and immuno-functionally shape the nasal cavity [77]. GF mice were found to have both a 
thinner epithelium and a thinner mucosa in the paranasal sinuses, as well as less nasal associated 
lymphoid tissue (NALT) compared with conventional mice [77]. Furthermore, a commensal Lactobacilllus 
strain in the murine nose could stimulate CD4+ T cells in NALT to a lesser degree compared with a 
pathogenic Streptococcus strain, and without causing disease [78]. This suggests that nasal residents can 
facilitate immune responses without being invasive [17, 78]. 

2.3 The microbiota in acute and chronic disease  

The residential microbiota is involved in the immune response against pathogenic infection, both directly 
and through its immunomodulatory properties. By outcompeting pathogens for the colonization of the 
mucosal niche, commensals exert a direct defense mechanism called colonization resistance [79, 80]. 
Indirectly, the microbiota contributes to maintaining the balance between defense against the invading 
pathogen and inflammation-mediated collateral tissue damage during infection. For instance, during 
gastrointestinal (GI) infection commensals stimulate inflammatory monocytes to produce the lipid 
mediator prostaglandin E2, which suppresses neutrophil activation and thereby limits tissue-damage [81].  
Bearing in mind the numerous complex interactions between the microbiota and the host immune system 
under steady-state conditions and during acute disease summarized above, commensal involvement in 
complex chronic diseases understandably has come more into the focus of research. The microbiota is 
extensively researched in the context of for instance inflammatory bowel disease (IBD), cancer, human 
immunodeficiency virus (HIV) infection, type 1 diabetes, and obesity [82, 83]. In addition to disease-
specific microbial associations, meta-studies have recently identified microbial patterns shared across 
diseases, attributing comprehensive importance to microbial influence on host disease [82, 83]. For 
instance, reduced abundances of the taxonomic families Ruminococcaceae and Lachnospiraceae (order 
Clostridiales) are commonly found across various diseases, including IBD, HIV infection, and obesity [82, 
84, 85]. In contrast, abundances of Enterobacteriaceae and Lactobacillaceae are increased in association 
with several diseases, such as IBD, diarrhea, and HIV infection [82–84, 86].  
With the loss of health-associated Clostridia, the host is being deprived of major SCFA-producers and 
therefore more prone to inflammation [56, 87]. Moreover, the lack of SCFAs has been suggested to 
contribute to increased oxygen levels in the intestinal lumen [88]. When butyrate is unavailable, 
enterocytes switch to fermentation of glucose, promoting oxygenation of the epithelium and oxygen 
diffusion to the lumen [58, 88].  As a consequence, microbial growth conditions shift in favor of  facultative 
anaerobic bacteria, promoting overgrowth of disease-associated taxa, such as Enterobacteriaceae [57, 
89]. 
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2.4 Hematopoietic stem cell transplantation  

In the physiological process of hematopoiesis, hematopoietic stem cells (HSCs) give rise to blood cell 
progenitors that differentiate further into mature cells. Due to the self-renewal capabilities of HSCs, 
hematopoietic stem cell transplantation (HSCT) was introduced over 60 years ago as the first regenerative 
clinical treatment [90]. It has since been applied as a curative treatment in various hematologic diseases, 
including myeloid and lymphoid malignancies, as well as non-malignant conditions, such as immune 
deficiency syndromes [91]. HSCs for transplantation can be of allogeneic (a donor’s cells) or autologous 
(the recipient’s own cells) origin (Figure 2).  
 
 

 
 
Figure 2. General concepts of allogeneic and autologous hematopoietic stem cell transplantation. A) 
Allogeneic HSCT. B) Autologous HSCT. Created with vector graphics from: colourbox.com 
 

2.4.1 Principles of allogeneic HSCT 

In allogeneic HSCT, the recipient is infused with a stem cell graft derived from a foreign donor. The 
immunotherapeutic aims of allo-HSCT are (1) to restore the recipient’s depleted hematopoietic system 
and (2) to achieve a graft-versus-leukemia (GvL) effect of donor-derived cells against malignant cells in 
the recipient [90]. An important prerequisite to allo-HSCT is the choice of a suitable donor. To prevent 
cytotoxic donor-derived T lymphocytes from recognizing healthy recipient cells as ‘foreign targets’ 
(alloreactivity), matching of human leukocyte antigen (HLA) genes between donor and recipient is the key 
procedure of donor selection [92]. HLA-identical siblings are the most desirable type of donor, but are 
only available for a fraction of patients [92]. Alternatives include HLA-matched or HLA-mismatched (1 or 
2 mismatches) unrelated donors, and haploidentical related donors [92, 93]. Prior to the transplantation, 
recipients undergo a preparative myeloablative conditioning regimen that can comprise stand-alone 
treatment with cytotoxic chemotherapeutic agents or a combination of chemotherapy and total body 
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irradiation (TBI) (Figure 2A) [90]. The aims of preparative conditioning are eradication of malignant cells 
for disease control, and immunosuppression in the recipient to minimize the graft rejection risk [94]. 
Among the most widely used conditioning regimens are stand-alone chemotherapy with combinations of 
busulfan and other cytotoxic agents, and TBI in combination with e.g. cyclophosphamide [94]. More 
recently, reduced-intensity fludarabine-based regimens have increasingly been used and were suggested 
to improve overall survival as compared to cyclophosphamide/TBI treatment [94]. In addition, patients 
may be treated with antithymocyte globulin (ATG), an immunosuppressant which depletes the recipient’s 
T cells, with the intention to lower graft rejection and GvHD risks [95]. Another important consideration 
is the choice of stem cell source. Options comprise the donor’s bone marrow, peripheral blood, or 
umbilical cord blood [96]. Peripheral blood derived grafts contain the highest number of residual mature, 
differentiated donor-derived cells (accessory cells), followed by bone marrow, and umbilical cord blood 
derived grafts [96]. These accessory cells, which for instance include T lymphocytes and Natural killer (NK) 
cells, can contribute to faster engraftment (i.e. proliferation of donor-derived HSCs in the recipient) and 
immune reconstitution, but also to high alloreactivity in the recipient [96, 97]. Furthermore, a high 
number of CD34+ progenitor cells in the graft (which is lowest in umbilical cord blood and highest in 
peripheral blood) is suggested to prevent graft rejection and reduce overall mortality [96]. Other factors, 
such as malignancy and stage of disease, weigh into the decision for a suitable stem cell source as well 
[96]. The most common indications for allo-HSCT are myeloid malignancies, such as acute myeloid 
leukemia (AML) and myelodysplastic syndrome (MDS), as well as lymphoid malignancies, including acute 
lymphoblastic and chronic lymphocytic leukemia (ALL and CLL) [91]. The advantage of allogeneic 
compared to autologous HSCT lies in a strong GvL effect since donor-derived immune cells can recognize 
residual malignant cells in the recipient as ‘non-self’ and attack them [90]. Therefore, usually only 
allogeneic HSCT is suitable for the treatment of leukemia [98]. Furthermore, an allo-graft, in contrast to 
an auto-graft, is free from malignant cell contamination and therefore facilitates replenishment of the 
recipient’s hematopoietic tissue with functional, healthy HSCs [90]. However, being of foreign origin also 
comes with challenges concerning transplantation of allo-grafts. To start with, the risk of graft rejection is 
higher than in auto-HSCT patients which is being counter-acted by finding the donor with the highest HLA-
match [90]. Secondly, the GvL effect is often accompanied by activity of donor-derived cells against the 
recipient’s healthy cells, a condition known as graft-versus-host disease (GvHD) [90]. Finally, slow 
engraftment extends the period of immunodeficiency in recipients after allogeneic transplantation [90]. 

2.4.1.1 Acute graft-versus-host disease after allogeneic HSCT 

Acute GvHD is one of the major complications and the main cause of non-relapse related death following 
HSCT [99, 100]. Leading up to aGvHD is the presence of immunocompetent donor-derived T cells in the 
stem cell graft, which cannot be rejected by the immunocompromised recipient [99]. Immunological 
disparity of recipient- and donor-derived cells, i.e. the presence of different major and minor human 
leukocyte antigens (HLA), causes activation of the donor-derived cells and eventually attack of healthy 
recipient tissue [99]. The pathogenesis of acute GvHD may be described in a three-phased model mainly 
based on animal studies: (1) Treatment-induced tissue damage in the recipient, activating APCs; (2) 
Activation of donor T cells by recognition of APCs; and (3) Target cell lysis through cytotoxic activity and 
inflammation [99]. In general, high age of both donor and recipient, and transplantation from a female 
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donor to a male recipient pose an increased aGvHD risk [100]. Specific risk factors come into effect in each 
phase of aGvHD pathology. In the first phase, the degree of tissue damage depends on preceding 
infections, the underlying primary disease, and the conditioning regimen [94, 99]. Release of pro-
inflammatory cytokines from the damaged tissue leads to activation of recipient APCs. Gut epithelial injury 
caused by high-toxicity conditioning is suggested to enhance APC activation through bacteria-derived 
pathogen associated molecular patterns released by residential microbes that translocate to the 
bloodstream [99]. However, this concept is controversially discussed in terms of its universal validity for 
all gut bacteria and the role of the microbiota in aGvHD that will be discussed in more detail in paragraph 
2.5 is suggested to be more complex [101, 102]. In the second phase, donor-derived T cells recognize 
recipient APCs as ‘foreign’ based on the HLA-encoded major histocompatibility complex (MHC) molecules 
they present on their surfaces [99]. Related to this phase, patients with unrelated, HLA-mismatched 
donors are at increased risk for aGvHD [103, 104]. However, disparity in the minor HLA can still occur and 
facilitate aGvHD, even in patients with donors fully matched in the major HLA [99, 105]. Prophylactic ATG 
treatment addresses this issue by depleting the recipient’s T cells prior to graft infusion, whereas 
cyclosporine treatment post-transplant, which might be substituted with e.g. methotrexate or 
corticosteroids, aims at suppressing donor T cells [106]. During the third phase, donor-derived T cells exert 
cytotoxic activity on healthy recipient tissue and induce inflammation. In this context, risk factors also 
comprise non-HLA genotypes, such as polymorphisms in cytokine-encoding genes, as well as interleukin 
secretion levels [107–110].  
 
 
Table 1. Grading of acute graft-versus-host disease. GI: gastrointestinal. Table from Nassereddine et al., 2017 [100].  
 

 
Acute GvHD affects the skin, liver, and gut where epithelial cells within the epidermis, the biliary duct 
epithelium, and the intestinal epithelium are targeted, respectively [99, 100]. Cutaneous aGvHD  
manifests as erythematous maculopapular rash, covering different proportions of the body surface 
depending on severity, and can be accompanied by keratinocyte necrosis leading to erythroderma with 
desquamation in severe cases [111]. Hepatic aGvHD involves increased serum bilirubin levels, indicating 
impaired liver function [99]. In the GI tract, the base of the crypts is most severely affected by aGvHD, 
where apoptosis is induced in intestinal stem cells and Paneth cells [112, 113]. Paneth cells provide crucial 
innate immune functionality by producing AMPs, such as alpha-defensins and RegIIIγ whose expression 
decreases in the small intestine during aGvHD, impairing the antimicrobial immune defense repertoire 
(Figure 1) [114, 115]. However, increased levels of RegIIIγ were found in the large intestine and 
systemically during aGvHD, which is suggested to serve as a survival signal for intestinal stem cells and 
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Paneth cells in the crypts [114, 116]. Acute GvHD in the GI tract manifests as diarrhea, anorexia, nausea, 
abdominal pain, and vomiting [99]. The severity of aGvHD can be described by an overall grading, the 
Glucksberg score, which takes into account the organ involvement (of skin, liver, and gut) and clinical 
performance of the patient (Table 1) [117]. Grade I denotes mild aGvHD involving only the skin, whereas 
grade II-IV involve skin, liver, and gut with increasing severity [100]. 

2.4.2 Principles of autologous HSCT 

Autologous HSCT refers to the transplantation grafts consisting of the recipients’ own HSCs, which are 
harvested and cryopreserved before the onset of chemotherapy, and expected to be free from significant 
amounts of malignant cells (Figure 2B) [118]. The main stem cell source utilized in auto-HSCT is peripheral 
blood which yields higher numbers of progenitor cells than bone marrow and promotes faster 
hematopoietic reconstitution [96]. The conditioning regimen preceding auto-HSCT predominantly 
consists of high-dose chemotherapy alone, without TBI (Figure 2B) [119]. TBI is associated with adverse 
clinical outcomes, such as neutropenic fever, relapse and mortality, following autologous transplantation 
[119, 120]. Auto-HSCT is the standard treatment for lymphoid malignancies, such as multiple myeloma 
(MM), as well as Hodgkin and non-Hodgkin lymphoma (HL and NHL) [91]. MM patients usually receive 
high-dose melphalan as a standard conditioning regimen, while the standard treatment for lymphoma 
patients consists of a combination of carmustine, etoposide, cytarabine, and melphalan (‘BEAM’) [121, 
122]. The clear advantage of autologous over allogeneic HSCT lies in self-tolerance of the graft as the HSCs 
originate from the recipient [90]. This promotes engraftment and lowers the risk of adverse events 
associated to allo-transplantation, such as graft rejection and GvHD [90]. Challenges of auto-HSCT include 
the sufficient acquisition of stem cells to transplant and the risk of graft contamination by residual 
malignant cells in the peripheral blood or bone marrow of the recipient [90]. Residual malignant cells that 
are infused together with the auto-graft state the main cause of increased relapse risk in autologous 
compared to allogeneic transplantation recipients [90]. Moreover, auto-transplantation is mostly 
ineffective for the treatment of leukemia due to the lack of a GvL-effect [98]. 

2.4.3 Infectious complications and antimicrobial treatment in HSCT  

Infectious complications contribute decisively to morbidity and mortality after allogeneic HSCT [123, 124]. 
Inherent characteristics of allo-HSCT, comprising myeloablation, immunosuppression, and subsequent 
delayed immune reconstitution are major risk factors for infections [123]. Moreover, patients are more 
susceptible, particularly to bacterial blood stream infections (BSI), when they are adults (>18 years), have 
a malignant primary disease, receive a graft from a mismatched unrelated donor, and undergo steroid 
treatment and myeloablative (versus reduced-intensity) conditioning [123, 124]. However, in children 
with immunodeficiency disorders, reduced-intensity conditioning with melphalan posed a higher risk for 
BSI compared with myeloablative regimens [125]. The most common Gram-positive bacterial pathogens 
infecting allo-HSCT patients comprise Staphylococcus spp., Streptococcus spp., and Enterococcus spp. 
[126, 127]. Frequent Gram-negative pathogens include Klebsiella spp., Enterobacter spp., Pseudomonas 
spp., Stenotrophomonas spp., as well as Escherichia coli and Acinetobacter baumanii [126, 127]. During 
conditioning prior to HSCT, patients usually receive prophylactic antimicrobial treatment, e.g. with 
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fluoroquinolones, such as ciprofloxacin, or with trimethoprim-sulfamethoxazole, to limit infections due to 
immunosuppression [128–130]. Immediately post HSCT, patients usually receive broad spectrum beta-
lactam antimicrobial monotherapy, e.g. with ceftazidime or meropenem, especially during neutropenia 
[123, 131]. At all times, standard prophylactic antimicrobial regimens are supplemented by or substituted 
with antimicrobial agents active against specific pathogens in case of fever or when indicated by blood 
culture results [131]. These antimicrobial agents comprise for instance vancomycin, metronidazole, and 
linezolid [130, 131]. During the first month after HSCT, patients that develop neutropenia or mucositis are 
generally at higher risk of infectious complications [123, 127]. Opportunistic pathogens (mostly Gram-
negatives) originating from the commensal microbial community, and infectious agents introduced by 
vascular catheters (mostly Gram-positives) are dominating during this early phase [123]. Two to three 
months post-HSCT, infections are most common in patients affected by aGvHD as the associated increased 
gut epithelial permeability, Paneth cell and alpha defensin reduction, and immunosuppressive treatment 
of aGvHD with e.g. cyclosporine facilitate gut microbial translocation to the bloodstream, combined with 
an impaired immune defense [102, 123, 124]. From four months after transplantation and thereafter, it 
is particularly important how rapid the adaptive immune system is reconstituted and regains the ability 
to avert persisting and newly introduced infectious agents [123, 132].  
Viral infections are a huge burden and a major cause of morbidity and mortality following allo-HSCT [123]. 
Herpes simplex virus-1 and -2 infections predominate immediately after HSCT, followed by 
cytomegalovirus (CMV) and human herpes virus-6 infections during the first two months post HSCT, and 
Epstein-Barr virus and varicella-zoster virus infections from three months onwards [123]. Of those, CMV 
infection compromises transplantation success to the largest degree by causing tissue-invasive disease, 
promoting secondary bacterial and fungal infections, and increasing the risk of GvHD and treatment-
related mortality (TRM) [123, 133]. Most often, CMV infection results from reactivation of a latent CMV 
infection in immunocompromised allo-HSCT recipients. Therefore, patients are being screened for anti-
CMV IgG serology prior to transplantation to estimate CMV infection risk, with the aim to match 
seronegative recipients with seronegative donors to prevent CMV contamination [123, 133]. Post 
engraftment, i.e. 2 - 3 months after HSCT, persisting immunodeficiency, potentially enhanced by GvHD 
treatment, also increases susceptibility to fungal infections, predominantly caused by Aspergillus spp. and 
Candida spp. [123]. 
The distinct procedures of allogeneic and autologous HSCT entail differences in the infectious 
complications of the respective patients [127]. Since autologous patients do not receive foreign, but 
rather their own stem cells, the incidence of GvHD after auto-HSCT is much lower compared with allo-
HSCT. Whereas moderate to severe GvHD constitutes a major risk factor for infections in allo-HSCT, it is 
consequently less pivotal for infections in auto-HSCT [127, 134]. Major risk factors in auto-HSCT comprise 
not receiving prophylactic antimicrobial therapy, having high serum levels of the inflammatory marker C-
reactive protein (CRP) prior to transplantation, and prolonged duration of engraftment [127, 134]. In 
autologous patients, BSI following transplantation occur less often, but earlier compared with allogeneic 
patients [125, 127, 134].  
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2.4.4 Immune reconstitution after HSCT  

An essential element of successful allo-HSCT is the timely reconstitution of a functional immune system 
built up from sufficient numbers of functionally mature donor-derived immune cells [132, 135]. In the 
post-engraftment phase (four months post HSCT and thereafter), the ability to avert recurring infections 
from the period of immunosuppression, as well as to prevent newly introduced infectious agents, is crucial 
for the patients’ recovery and long-term survival [123, 132]. Innate immune cells are the first to be 
reconstituted within 20-30 days post-transplantation [132, 136]. Before engraftment of donor cells, i.e. 
during the first 2-4 weeks after HSCT, patients suffer from neutropenia [132]. Subsequent replenishment 
of neutrophils serves as an initial indicator for transplantation success and depends on the stem cell 
source [132, 136].  Neutrophil counts on average increase after two, three, or four weeks when derived 
from a peripheral blood graft, bone marrow graft, or umbilical cord blood graft, respectively, and increase 
further during the following months [132, 137]. Simultaneously, monocyte counts recover within the first 
month post-transplant. Chemotherapy-resistant recipient-derived macrophages might still circulate 
during this time, while donor-derived monocytes differentiate into macrophages and gradually substitute 
the recipients’ cell population [137]. NK cells are the next innate immune cell type to be reconstituted 
between the second and third month after HSCT [136, 137]. NK cell numbers during the first month post-
transplantation are rarely examined, even though they are major contributors to the GvL effect, prevent 
viral infections, and their rapid recovery and functional maturation has been suggested to be predictive 
for survival [136–139].  
The reconstitution of the adaptive immune system is a prolonged process of one to two years after 
transplantation, taking an even longer time until full restoration of cellular and humoral immune 
functionality and normal cell numbers [135]. T cells play a central role in the GvL effect and defense against 
infectious agents after allo-HSCT [132, 135]. During the first six months post-transplant, T cells derived 
either from the donor graft or from remaining recipient cells that have not been destroyed during 
conditioning, increase in numbers via homeostatic peripheral expansion [135, 136]. Recovery is slower in 
case of ATG treatment or transplantation of a T cell depleted graft [140]. Since the resulting T cell 
population in this early phase predominantly comprises CD8+ memory T cells, the MHC-mediated antigen 
recognition in response to newly introduced infectious agents is limited [135]. Moreover, these T cells 
have not undergone the maturation steps selecting for self-tolerance in the thymus and therefore pose a 
risk for the recipient to develop aGvHD [135]. Thus, sustained restoration of T cell immune function 
requires the production of naïve CD4+ and CD8+ T cells from donor-derived lymphocyte progenitors and 
hematopoietic stem cells in the thymus [132, 135, 140]. Successful thymopoiesis resulting in rapid and 
stable reconstitution of a functional T cell repertoire is crucial for survival, and to prevent GvHD, relapse, 
and infectious complications [135, 136]. 
Varying reconstitution times have been reported for B cells that are responsible for the humoral part of 
adaptive immunity. Depending on stem cell source, the recovery of the B cell compartment takes between 
two months (following umbilical cord blood transplantation) and one year (after bone marrow 
transplantation), but complete reconstitution is often achieved late after 2-5 years [132, 136]. GvHD and 
its accompanying steroid treatment have been suggested to slow down B cell recovery [136, 141]. Similar 
to T cell reconstitution, donor graft-derived B cells dominate the B cell population after allo-HSCT at first, 
and are subsequently replaced by stem-cell derived naïve B cells originating from the thymus [132, 137]. 



16 
 

After allo-HSCT, the recipients’ immunoglobulin repertoire is confined and recovers in the same order 
(IgM – IgG – IgA) that is observed during establishment of adaptive immunity in young children [132, 137]. 
However, compared with the ontogeny in children, serum level elevation of antibody isotypes after allo-
HSCT is slower because isotype switching depends on signaling from T helper cells, which are also depleted 
after transplantation [132, 137]. 
Compared with allogeneic HSCT, immune reconstitution after autologous HSCT is faster [140, 142]. The 
main reason for this may be that GvHD and the accompanying immunosuppressive treatment do not 
interfere with immune reconstitution after auto-HSCT as the prevalence of GvHD is negligible compared 
with allo-HSCT [143]. For instance, the T cell compartment is replenished more rapidly within the first two 
months after auto-HSCT, compared with allo-HSCT, and comprises a higher proportion of naïve T cells 
compared with memory T cells, indicating effective thymopoiesis [142]. Despite varying reported times 
for B cell reconstitution, recovery from as early as one month and up to 1.5 - 2 years after auto-HSCT have 
been observed, compared to 2 to >24 months after allo-HSCT [142, 143]. 
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2.5 Current knowledge about the role of the microbiota in HSCT  

The procedure of hematopoietic stem cell transplantation and its accompanying treatments interfere in 
various ways with the complex host-microbial interactions presented in chapter 2.2 (and summarized 
below in Figure 3). Within this process, disturbance of homeostasis is introduced in both directions: On 
the one hand, immune system components, altered by conditioning treatment and stem cell engraftment, 
may induce changes in the microbial community structure. On the other hand, the microbiota, altered by 
extensive antibiotic prophylaxis, may influence immune parameters after HSCT. The hitherto acquired 
knowledge (other than this thesis) about these bi-directional relations with a focus on the neutropenic 
phase will be the topic of this chapter.  
 
 

 
Figure 3. Summary of major host-gut microbial interactions in healthy individuals versus allogeneic HSCT patients. 
Conditioning and antibiotic treatment (orange arrow) of HSCT patients interfere with host – microbial homeostasis. 
Abbreviations: SCFAs, short-chain fatty acids; BSI, blood stream infections; GvHD; graft-versus-host-disease; GI tract; 
gastrointestinal tract. Figure from Noor et al., 2018 [144]. 
 
 
Before advanced next-generation sequencing (NGS) techniques were available, the initial approach of 
accounting for gut microbial effects in HSCT involved ‘gut decontamination’ [59, 145]. Under the 
assumption that an immunocompromised host would give way to exclusively adverse effects of 
presumably uniformly pathogenic anaerobic bacteria, high-dose antibiotic regimens were used, aiming at 
the depletion of any bacteria in the gut [145]. Eventually, controlled clinical studies were not able to 
document any benefit of ‘gut decontaminantion’ [146]. While prophylactic antibiotic regimens are still 
standard of care for HSCT patients today, recent research has raised awareness that the microbiota needs 
to be assessed differentially [147–149]. A number of specific observations have been re-occurring in 
several studies. Generally, a loss of bacterial alpha diversity in the gut occurs during the neutropenic phase 
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of HSCT (Figure 3) [150–152]. Loss of diversity is more pronounced in patients with GvHD and is associated 
with increased mortality [153–156]. 
Moreover, the community structure changes after HSCT and specific taxa typically expand, while others 
are depleted. Microbiota members of the phylum Proteobacteria, in particular the family 
Enterobacteriaceae, and the order Lactobacillales, in particular Enterococcus spp. and Lactobacillus spp., 
have been found to increase in abundance after transplantation [150, 153, 154, 157, 158]. In contrast, a 
post-transplant decrease of taxa affiliated with the order Clostridiales, in particular the families 
Lachnospiraceae and Ruminococcaceae, has been shown [151, 159, 160]. The expansion of Enterococcus 
spp. and loss of Clostridiales early after HSCT is especially pronounced in patients with GvHD [154, 161–
164]. Furthermore, this pattern has been associated with high TRM and BSI [150, 165, 166]. It has been 
suggested that the antibiotic treatment accompanying HSCT is promoting this shift in the gut microbial 
community structure [148, 158, 160]. Antimicrobial agents frequently used in prophylactic regimens, such 
as vancomycin, ciprofloxacin, and metronidazole, are targeting commensal obligate anaerobe bacteria, 
including Clostridiales members [148, 160]. A central role has been attributed to SCFAs (especially 
butyrate) produced by Clostridiales members. Antibiotic-induced depletion of SCFA-producers entails a 
switch to glucose fermentation by enterocytes and increased oxygen availability in the intestinal lumen 
(as discussed in paragraph 2.3) (Figure 3) [58]. This facilitates the expansion of facultative anaerobes such 
as Enterobacteriaceae (phylum Proteobacteria), and Enterococcus spp. [57]. Within the order of 
Clostridiales, maintenance of high abundances of the butyrate-producers Blautia spp. and 
Faecalibacterium prausnitzii has been demonstrated to be of particular importance for positive clinical 
outcomes in HSCT [167, 168].   
Besides the involvement of SCFAs in shaping intestinal microbial growth conditions, direct 
immunomodulatory effects have been described. Butyrate is a histone deacetylase inhibitor (HDACi) and, 
when taken up by IECs, promotes acetylation of histone H4 [169, 170]. Histone acetylation generally 
facilitates chromatin relaxation and thereby transcription [56, 170]. Reduced H4 acetylation in IECs after 
allogeneic HSCT has been related to decreased butyrate levels within these cells, but not in the intestinal 
lumen in mice [169]. It was suggested that decreased butyrate production due to depleted butyrate-
producing bacteria after HSCT would not significantly affect intestinal butyrate levels because of a 
concurrent decrease in expression of butyrate transporter sodium-coupled monocarboxylate transporter 
1 (SLC5A8) and G protein-coupled receptor 43 (GPR43), leading to reduced uptake [169]. Conversely, a 
human study found reduced butyrate and propionate levels in feces after allo-HSCT in pediatric patients 
[171]. No change in SLC5A8 and GPR43 expression was found in this study [171]. These contradictive 
findings warrant caution when deriving conclusions for the human HSCT setting from mouse models. 
Importantly, these and other studies indicate a crucial role of commensal-derived endogenous butyrate 
in protection from GvHD [169, 171, 172]. Several mechanisms have been suggested. Intestinal butyrate 
levels two weeks post-transplant were significantly lower in children with subsequent GVHD [171]. In 
mice, butyrate-induced histone acetylation in IECs has been shown to upregulate expression of genes 
involved in junctional function and downregulate pro-apoptotic genes  [169]. This suggest a direct 
protection against alloreactive T cells [169]. Another mechanism might involve the induction of Treg cells 
mediated by butyrate and propionate, facilitating an anti-inflammatory milieu that protects from GvHD 
[172, 173].   
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In addition to butyrate, another microbial metabolite, namely the intercellular signal molecule indole and 
its derivate 3-indoxyl sulfate (3-IS), has been attributed a role in HSCT and GvHD [154, 165, 174, 175]. Low 
3-IS levels in urine early after HSCT have been associated with low abundances of intestinal 
Lachnospiraceae and Ruminococcacea and high mortality in adult allo-HSCT patients [165]. Indole and/or 
its derivates can promote tight junction integrity, hamper the growth of Gram-negative enterobacteria, 
and induce anti-inflammatory cytokines [175–177]. Therefore, a protective effect against GvHD has been 
proposed for 3-IS [165]. Consistently, low 3-IS levels are particularly pronounced in allo-HSCT patients 
with GvHD [154, 174].  
Another proposed mechanism contributing to microbial community changes after HSCT involves the 
reduced Paneth cell numbers and accompanying decrease in human alpha defensin production during 
GvHD [112, 115]. As discussed in paragraphs 2.2.2 and 2.4.1.1, Paneth-cell derived AMPs contribute to 
gut microbial homeostasis and the lack thereof during GvHD facilitates overgrowth and domination of 
opportunistic pathogens, such as E. coli in mice [112, 115]. Consistently, a human study showed that adult 
allo HSCT-patients with severe gastrointestinal GvHD exhibited low Paneth cells numbers, low Paneth- cell 
derived AMP expression, and low urinary 3-IS, the latter pointing to low bacterial diversity [114]. The role 
of more ubiquitously expressed AMPs, such as beta defensins, in HSCT and GvHD has to our knowledge 
not been described prior to this thesis. However, involvement of beta defensins in chronic inflammatory 
diseases, e.g. Crohn’s disease, has been shown and a cell type dependent HDACi-mediated regulation was 
recently revealed for hBD2 [178–180].    
The host-microbial interactions described above mainly apply to the gut microbiota in allogeneic HSCT. A 
few studies have characterized the oral microbiota in relation to HSCT prior to this thesis [181–183]. After 
HSCT, a substitution of streptococci with staphylococci was found in the oral cavity, and high Enterococcus 
spp. were associated with oral mucositis [181, 183]. With regards to the mode of transplantation 
(allogeneic versus autologous), few studies examined the microbiota in autologous HSCT patients prior to 
this thesis. A recent study has described a post-transplant loss of gut bacterial diversity in auto-HSCT 
patients, comparable to the pattern observed in allo-HSCT [184]. Taken together, the microbiota, 
especially in the gut of allo-HSCT patients, has been well characterized during the neutropenic phase. A 
number of studies have related the pre-transplant microbial community structure to clinical outcomes 
after HSCT [156, 163, 185, 186]. Moreover, the focus of research is recently shifting to the post-
engraftment phase to investigate how the microbiota and the host immune system mutually undergo 
reconstitution. These aspects will be discussed in more detail in chapter 5.  
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3. Methodological considerations 

3.1 Study populations 

Our first two studies comprise patients undergoing allogeneic HSCT, whereas in the third study we 
describe an autologous HSCT cohort. In an ideal scenario, it would be of great interest to treat the two 
cohorts that were established during the course of this thesis [Masche II and III] as a single study 
population, differing only by the mode of transplantation (allogeneic versus autologous). This way, the 
autologous group could serve as a control group for a key element of this thesis: the ‘host-
transplantation’. Thereby, one could disentangle which changes that occur in the microbiota post-
transplantation can be attributed to the fact that foreign cells (allogeneic HSCT) have been introduced to 
the recipient, and which effects are owed to the procedure of transplantation itself and its accompanying 
treatments. However, the autologous cohort comprised adult patients while the allogeneic patients were 
children. On this account, and due to further substantial differences in e.g. primary diseases, conditioning 
regimens, and immunosuppressive treatment (only in allo-HSCT), it would have been inadequate to 
analyze the allogeneic and autologous cohorts jointly. This led us to the informed decision of analyzing 
the two cohorts in separate studies [Masche II and III]. However, results of the two studies will be jointly 
discussed in paragraph 5.2.2, taking into consideration the named differences between the two cohorts. 
Of note, the autologous group in itself is of interest, since this mode of transplantation hitherto has been 
underrepresented in studies investigating the microbiota in HSCT patients. 

3.2 Longitudinal study design and sample collection 

The aim of this thesis was to assess interactions of the microbiota with the human immune system. This 
was done in the context of hematopoietic stem cell transplantation. To be able to compare the microbiota 
and the immune system before and after the transplantation, we chose a longitudinal study design for all 
studies included in this thesis. In the first study, fecal samples were collected once within the month 
preceding HSCT, once on the day of transplantation (+/- 2 days) and once weekly during the first month 
following transplantation. This allowed us to assess host-microbial interactions during the period 
immediately after allogeneic HSCT [Masche I]. In the second and third study, we collected buccal and 
anterior naris swabs in addition to fecal samples, and added three follow-up sampling time points after 
three, six, and twelve months [Masche II and III]. This allowed us to describe long-term microbial 
abundance patterns, and to make predictions of events at late time points from observations at early time 
points [Masche II and III]. For all studies that are part of this thesis, samples were collected by nurses at 
the hospital during hospitalization of the patients, immediately stored at 4°C, and transferred to long-
term storage at -80°C on the same or consecutive day. For the collection of samples at late time points 
after hospitalization in Masche II and III, a strategy was developed in cooperation with Rigshospitalet to 
teach patients or their guardians how to collect samples at home. Following the instructions, they stored 
the samples in their refrigerator and transported them to the hospital in a cooling bag on the following 
day, where they were placed into the freezer (-80°C). The optimal feasible storage conditions were chosen 
based on a pilot study in which we compared different storage durations at several temperatures. Samples 
were thawed at room temperature prior to DNA extraction on the respective days.  
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3.3 DNA extraction  

The choice of DNA extraction technique is a crucial step when researching the microbiota. Purified DNA 
obtained via different DNA extraction kits can vary in quantity (DNA yield), and in quality (proportions of 
represented bacteria) [187]. The main steps common to the majority of kits on the market are bacterial 
membrane disruption, protein denaturation, and nucleic acid purification [187]. Automated DNA isolation 
was performed from the fecal samples of the first study on a Maxwell 16 instrument (Promega 
Corporation, USA) [Masche I]. For the isolation of DNA from fecal samples in Masche II and III, we used 
the QIAamp Fast DNA Stool Mini kit (Qiagen, Venlo, Netherlands) with an additional bead-beating step to 
enhance the extraction of DNA from Gram-positive bacteria, as suggested in a study that aimed to 
optimize this procedure [188]. An important consideration when choosing the DNA extraction method is 
the sample type, and in particular its inherent bacterial biomass [187]. Especially for samples from low-
biomass sources, such as the oral and nasal cavities examined in Masche II and III, it is pivotal to account 
for a low signal-to-noise ratio in order to approximate the true signal. Beside environmental and cross-
contamination, extraction reagents can harbor bacteria, and studies suggest that there even are microbial 
profiles specific to manufacturers, kits, and production batches [189, 190]. To minimize the risk of kit-
derived contamination especially in the low-biomass samples, we used the QIAamp UCP Pathogen Mini 
kit (Qiagen, Venlo, Netherlands), which comes with ultraclean production reagents intended for e.g. nasal 
swabs. In addition, the DNA extraction from oral and nasal swabs was performed in a pre-PCR laboratory 
spatially separated from high-biomass (e.g. fecal) sample handling. Furthermore, for all sample types, we 
included one blank control in each extraction round, as well as one mock community sample (Biodefense 
and Emerging Infectious Research (BEI) Resources of the American Type Culture Collection (ATCC) 
(Manassas, VA, USA), Catalog No. HM-276D) per sequencing run, and two fecal/swab collection tube 
controls, and unused swabs, each. How the sequencing results of these controls were utilized to handle 
environmental and cross-contaminations computationally is described in paragraph 3.6. 

3.4 16S rRNA gene sequencing 

For a number of reasons, 16S rRNA gene profiling was chosen over metagenomic sequencing in this thesis. 
The aim of this thesis was to generate phylogenetic surveys of microbial communities at a number of body 
sites. With the same financial funds available, 16S rRNA gene sequencing would be more suitable to  
capture different taxa present in a diverse community compared with shallow metagenomic sequencing 
that might not allow for the assembly of whole genomes. However, deep metagenomic sequencing that 
allows for whole genome assembly would provide higher phylogenetic resolution.  
The conserved regions of the 16S rRNA genes serve as a universal markers of the bacterial and archaeal 
kingdoms, while the hypervariable regions of the gene can provide up to species-level information. 
However, a taxonomic resolution on species-level is by far not always reached in 16S rRNA gene 
sequencing. Taxonomic characterization of a microbial community using 16S rRNA gene sequencing 
benefits from the large size of data bases available for the 16S rRNA gene, compared to a much smaller 
number of bacteria for which the entire genome has been described [191, 192]. Of importance, a 
significantly cheaper per-sample price for 16S rRNA gene profiling compared to metagenomics facilitates 
an investigation of a higher sample size within the scope of a single project, and thereby a broader insight 
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into the characterized community and an increased statistical power in the subsequent data analysis [191, 
192]. A number of sequencing techniques are available for 16S rRNA profiling, including e.g. Ilumina 
sequencing technologies and Ion Torrent [193]. In Masche I, 454 pyrosequencing has been used, which 
has by now been outperformed by newer technologies with regards to its error rate, and support for this 
platform has been discontinued [187]. We employed Illumina paired-end sequencing on a MiSeq 
instrument in Masche II and III. It requires caution to compare findings from studies based on different 
sequencing technologies. However, the observation of a number of results in Masche II that were 
consistent with Masche I (as discussed in paragraph 5.2.1) suggests that we were able to obtain 
reproducible results that are to a certain extent independent of the sequencing platform. Of course, other 
methodological differences play a role, too. For instance, we used different sets of primers for the 
amplification of hypervariable regions in Masche I vs in Masche II and III. We amplified regions V4 and V5 
in Masche I, while regions V3 and V4 were targeted in Masche II and III. The V4 region, covered in all 
studies comprised in this thesis, is generally considered an adequate choice for 16S rRNA gene profiling 
[187, 194].    

3.5 Variant inference from 16S rRNA sequences 

After sequencing, a number of filtering steps need to be performed, including primer truncation and 
chimera removal. The detailed procedures of pre-processing are described in the individual manuscripts 
[Masche I, II, and III]. One of the most crucial steps constitutes the inference of biological variation from 
16S rRNA gene sequences without interpreting sequencing errors as biological signal. Until recently, the 
most frequently used method was the construction of operational taxonomic units (OTUs) and 
subsequent taxonomy assignment of a representative sequence [195]. This method was originally 
developed for sequencing data generated by 454 pyrosequencing and was used in our first study within 
the Quantitative Insights Into Microbial Ecology (QIIME) bioinformatics pipeline [see details in Masche I] 
[196]. An OTU typically comprises sequences with <3% dissimilarity [195]. This way, dimensionality is 
reduced to thousands of OTUs, and noise due to sequencing errors is diminished [195]. However, this 
compromises the detection of biological variation on a finer scale [195, 197]. Within the first study, we 
implemented oligotyping, an approach to further resolve OTUs by identifying highly variable nucleotide 
positions with potential indications for true signal, from sequencing errors at random positions [198]. 
However, these results are not presented within this thesis. More recently, clustering-free approaches, 
such as the divisive amplicon denoising algorithm 2 (DADA2), have been developed that allow the 
identification of exact amplicon sequence variants (ASVs) [197]. In brief, an error model is implemented 
that is proposed to be capable of disentangling true biological variation from Illumina-specific error 
profiles in single nucleotide resolution. In addition to the advantages of 16S rRNA gene profiling discussed 
in paragraph 3.4, a higher resolution is of great relevance for describing complex microbial communities 
on a fine scale. Moreover, this approach facilitates comparability between studies since it provides 
consistent labels for ASVs anchored in an adapted version of the SILVA reference data base [199, 200]. 
Accordingly, we decided to use DADA2 in our second and third study (Figure 4) [Masche II and III]. 
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Figure 4. Workflow for data integration, management, and analysis in R. The R packages used for major 
analysis steps include: DADA2, decontam, phyloseq, ggplot2, DESeq2, vegan, mixOmics, treeDA, and caret 
[197, 201–207]. Figure modified from Callahan et al., 2016 [208].  
 

3.6 Integration, transformation, and multivariate multi-table analyses of data 

In recent years, efforts have been made in the microbiome field to promote reproducible research in a 
way that published studies should provide access to data and analysis workflows [202, 208–211]. 
Accordingly, data, R scripts and reports created within the knitr framework [212] have been made 
available online for the first study already [see details in Masche I], and will be made available for the 
second and third study upon publication. When working with the program R, the package phyloseq is a 
useful tool to integrate and manage data [202, 213]. The studies within this thesis comprised different 
data types, including OTU/ASV count tables, categorical data of patient characteristics and clinical 
outcomes, continuous data of immune cell counts and immune marker levels, and in addition 
phylogenetic trees in the second study. The phyloseq package facilitated the integration of these distinct 
data types into a single ‘object’, collectively linking all data points to the corresponding sample identifiers 
(Figure 4). Before proceeding to statistical analyses, several crucial steps need to be incorporated. As 
indicated in paragraph 3.3, contaminant filtering needs to be approached computationally, which we did 
with the package decontam and/or careful manual curation (see details in individual manuscripts Masche 
I, II, and III) [201]. Decontam utilizes the concept that contaminants occur at higher frequencies in low-
concentration samples and blank extraction controls to statistically segregate them from sample-derived 
variants [201]. Moreover, it is pivotal to transform OTU/ASV count data to account for differences in both, 
library size and biological variance, often referred to as ‘normalization’ [214]. Different down-stream 
analyses require different preceding transformations, and the respective strategies we used are described 
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in detail in the individual manuscripts [Masche I, II, III] [214]. However, whenever applicable we 
implemented variance-stabilizing transformation within the R package DESeq2, which is based on a 
Negative Binomial model and, in contrast to rarefying, does not discard valid data (Figure 4) [215]. For 
subsequent multivariate analysis, we utilized the well-established community ecology package vegan with 
visualization by ggplot2, as well as the more recently released package mixOmics [203–205]. The latter 
provides a number of multi-table approaches suitable for our studies, i.e. the joint analysis of for instance 
OTU/ASV count data and other data types (often collective referred to as ‘metadata’). 

3.7 Considerations for time series data analyses and predictive modeling  

Time series studies are gaining increasing interest in microbiome research and offer great potential for 
detecting temporal dynamics, but also pose challenges concerning implementation and statistical analysis 
[216–218]. In all studies comprised in this thesis, we used a longitudinal study design, including time points 
spanning from before HSCT to one [Masche I], or twelve months [Masche II and III] post-transplant. 
Analyzing these longitudinal data came with a number of challenges that we addressed in multiple ways. 
The time points where immune cell count and immune marker data was available were to a certain extent 
subject to clinical routine procedures. We therefore transformed variables with systematically missing 
time points to combinations of the respective variable and each available time point (e.g. cell count in 
week +1, cell count in week +2, etc.). In the first study, these variable-time point combinations have been 
used as input to multivariate analyses, allowing us to gain insight into temporal dependencies of host-
microbial associations [Masche I]. In the second and third study, a higher number of variables were 
available at all time points. Therefore, we used the time point itself as a categorical variable in multivariate 
analyses in Masche II and III, and could show how certain host-microbial associations depended on the 
time point. This approach might require further optimization, either computationally or by better 
synchronizing sampling schedules of different data types. However, this way, we could extent the current 
knowledge of host-microbial associations by taking into account temporal dependencies. Our approach 
might complicate the interpretation of individual findings, but serves the purpose of drawing a holistic 
picture of time-dependent host-microbial associations in HSCT. In the second study, we additionally made 
use of our time series data to predict clinical outcomes from pre-transplant microbial abundances 
[Masche II]. For this purpose, we implemented a machine learning (ML) approach within the R package 
caret [207]. Within marker gene studies, ML is an approach with the potential to increase robustness and 
clinical applicability of findings that relate microbial community structure profiles with e.g. clinical 
outcomes [209, 219].   
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Abstract  42 
Background: 43 
Increasing evidence reveals the importance of the microbiome in health and disease and inseparable 44 
host-microbial dependencies. Host-microbe interactions are highly relevant in patients receiving 45 
allogeneic hematopoietic stem cell transplantation, (HSCT), i.e. a replacement of the cellular 46 
components of the patients’ immune system with that of a foreign donor. HSCT is employed as 47 
curative immunotherapy for a number of non-malignant and malignant hematologic conditions, 48 
including acute lymphoblastic leukemia. The procedure can be accompanied by severe side effects 49 
such as infections, acute graft-versus-host disease (aGvHD), and death. Here, we performed a 50 
longitudinal analysis of immunological markers, immune reconstitution and gut microbiota 51 
composition in relation to clinical outcomes in children undergoing HSCT. Such an analysis could 52 
reveal biomarkers, e.g. at the time point prior to HSCT, that in the future could be used to predict 53 
which patients are of high risk in relation to side effects and clinical outcomes and guide treatment 54 
strategies accordingly.  55 
 56 
Results: 57 
In two multivariate analyses (sparse partial least squares regression and canonical correspondence 58 
analysis), we identified three consistent clusters: (1) High concentrations of the antimicrobial 59 
peptide human beta-defensin 2 (hBD2) prior to the transplantation in patients with high abundances 60 
of Lactobacillaceae, who later developed moderate or severe aGvHD and exhibited high mortality. 61 
(2) Rapid reconstitution of NK and B cells in patients with high abundances of obligate anaerobes 62 
such as Ruminococcaceae, who developed no or mild aGvHD and exhibited low mortality. (3) High 63 
inflammation, indicated by high levels of C-reactive protein, in patients with high abundances of 64 
facultative anaerobic bacteria such as Enterobacteriaceae. Furthermore, we observed that antibiotic 65 
treatment influenced the bacterial community state. 66 
 67 
Conclusions:  68 
We identify multivariate associations between specific microbial taxa, host immune markers, 69 
immune cell reconstitution and clinical outcomes in relation to HSCT. Our findings encourage further 70 
investigations into establishing longitudinal surveillance of the intestinal microbiome and relevant 71 
immune markers, such as hBD2, in HSCT patients. Profiling of the microbiome may prove useful as a 72 
prognostic tool that could help identify patients at risk of poor immune reconstitution and adverse 73 
outcomes, such as aGvHD and death, upon HSCT, providing actionable information in guiding 74 
precision medicine. 75 
 76 
Keywords:  77 
Gut microbiota – pediatric cancer – HSCT – 16S rRNA gene profiling – data integration - immune 78 
reconstitution - Ruminococcaceae - Human beta-defensin 2 – acute GvHD - B cells and NK cells   79 
 80 
 81 
 82 
 83 
 84 
 85 
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Background 86 
The microbiome has gained increasing attention as a crucial contributor in the course of various 87 
diseases, and as target of treatment [1–3]. A number of complications in allogeneic hematopoietic 88 
stem cell transplantation (HSCT) have recently been associated with the gut microbiota [4, 5]. HSCT 89 
is a curative treatment for various hematologic diseases including malignancies, such as acute 90 
lymphoblastic leukemia (ALL), as well as non-malignant diseases, such as metabolic disorders and 91 
immune deficiency syndromes [6]. One goal of HSCT is achieving a beneficial graft-versus-leukemia 92 
(GvL) effect where donor-derived T lymphocytes and natural killer cells target leukemic cells in the 93 
recipient [7]. Prior to allogeneic HSCT, the patients undergo a preparative conditioning regimen 94 
involving combinations of chemotherapeutic agents and total body irradiation (TBI) [8] to eradicate 95 
leukemic cells and induce immunosuppression. Immunosuppressive treatment (both prior to and 96 
post HSCT) in the stem cell recipient prevents a graft-versus-host reaction caused by cytotoxic donor 97 
T lymphocytes that attack healthy cells in the recipient [8]. To limit infectious diseases due to 98 
immunosuppression, the patients are administered broad-spectrum antibacterial and antifungal 99 
compounds. Subsequently, the patients receive a stem cell graft originating from the bone marrow, 100 
peripheral blood or umbilical cord blood of a human leukocyte antigen (HLA)-matched sibling donor 101 
or an unrelated donor (i.e., allogeneic HSCT) [9, 10].  102 
 103 
In patients undergoing HSCT, it has been previously observed that there are associations between 104 
the microbiome and clinical outcomes such as acute graft-versus-host disease (aGvHD) [5, 11, 12] 105 
and survival [4, 13]. GvHD after HSCT has been related to an expansion of the order Lactobacillales, 106 
especially Enterococcus spp. [11] and Lactobacillus spp. [14] and a loss of Clostridiales [14]. However, 107 
so far few studies have monitored the microbiome longitudinally [11, 14, 15]. This indicates the need 108 
for more detailed investigations that take temporal monitoring of both the host immune system and 109 
the microbiome into account.  110 
 111 
Several markers of the host immune system, including inflammatory markers (such as C-reactive 112 
protein (CRP) and interleukin 6 (IL-6)) and markers of intestinal toxicity (such as plasma citrulline), 113 
have been studied in HSCT [16, 17]. Potential novel markers, such as antimicrobial peptides (AMPs), 114 
have also been proposed to be involved in outcomes after HSCT, for example in immunomodulation 115 
and regulation of microbial homeostasis [18]. AMPs, especially defensins such as human beta-116 
defensin 2 and 3 (hBD2 and hBD3), have previously been found to play a role in some inflammatory 117 
diseases [19, 20]. However, to our knowledge, AMPs have not yet been employed as markers in the 118 
context of HSCT. An interesting research question remains: How are known and novel markers 119 
within the host immune system associated with each other or with changes in the microbiome? A 120 
better understanding about these associations would provide a more holistic insight into the 121 
underlying mechanisms affecting clinical outcomes after HSCT.  122 
 123 
Another crucial factor impacting on complications and clinical outcomes after HSCT is immune 124 
reconstitution. Immune reconstitution involves the essential cellular components of the adaptive 125 
immune system, namely T and B cells, as well as key cellular components of the innate immune 126 
defense, namely natural killer (NK) cells, monocytes and neutrophils [21]. A microbial influence on 127 
immune cell differentiation has been observed previously, e.g., commensal Clostridiales were found 128 
to regulate Treg cell differentiation in the colon [22]. Therefore, an influence of the intestinal 129 
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microbiome on immune reconstitution following HSCT is likely, but had not been investigated prior 130 
to this study. 131 
 132 
Here, we monitor both host factors and the intestinal microbiome longitudinally. We included 133 
markers of inflammation (CRP and IL-6) and intestinal toxicity (plasma citrulline) as well as the 134 
antimicrobial peptides (hBD2 and 3), which in the following sections are collectively referred to as 135 
immune markers. To assess the prognostic potential of immune markers associated with gut 136 
microbial dynamics for immune reconstitution and clinical outcomes after HSCT (aGvHD and 137 
survival) in a holistic way, we implemented multivariate multi-table (also referred to as multi-way) 138 
approaches. This facilitated the integration of a variety of different factors that could influence the 139 
patients’ convalescence. We reveal distinct clusters of bacteria associated with sets of immune 140 
markers and clinical outcomes. Patients with rapid NK and B cell reconstitution that had no or mild 141 
aGvHD and low mortality exhibited high abundances of members belonging to the family of 142 
Ruminocaccaceae. In contrast, patients with moderate to severe aGvHD and high mortality showed 143 
high plasma concentrations of the antimicrobial peptide hBD2 already prior to HSCT. In these 144 
patients, we observed increased Lactobacillaceae abundances.  145 
 146 

Results 147 
To assess associations between immune markers and gut microbial dynamics in the context of 148 
immune reconstitution and clinical outcomes after HSCT, we monitored 37 children over time 149 
undergoing allogeneic HSCT (Figure 1A, Additional file 1: Table S1). We gained insight into the 150 
patients’ immune reconstitution by determining T, B, NK, monocyte, and neutrophil cell counts in 151 
peripheral blood (Figure 1A, Additional file 1: Table S1). We measured C-reactive protein (CRP) and 152 
plasma interleukin 6 (IL-6) as markers of inflammation, and human beta-defensin 2 and 3 (hBD2 and 153 
3) as markers for potential innate immune activation and systemic infection (Figure 1A, Additional 154 
file 1: Table S1). Plasma citrulline levels were measured as a marker of intestinal toxicity, being 155 
produced selectively by functioning enterocytes. To relate immune marker levels to members of the 156 
intestinal microbiota in patients undergoing HSCT, we characterized the longitudinal dynamics of the 157 
human intestinal microbiome in a subset of 30 patients by utilizing 16S rRNA gene profiling (Figure 158 
1A).  159 
 160 
 161 
 162 
 163 
 164 
 165 
 166 
 167 
 168 
 169 
 170 
 171 
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 172 
 173 
Figure 1. Monitoring of the host immune system and intestinal microbiome in hematopoietic stem cell 174 
transplantation (HSCT). (A) Study outline. A cohort of 37 pediatric recipients of allogeneic HSCT was 175 
monitored prior to HSCT, at the time point of HSCT, and post HSCT (median follow-up time 5.2 years). A range 176 
of patient characteristics as well as disease outcomes, immune markers, immune cell counts, and intestinal 177 
patterns of microbial community composition were recorded at the noted time points (up to 12 months post 178 
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HSCT). See Table S1 for details regarding the patient characteristics. (B) Plasma hBD2 concentrations over time 179 
and in comparison to healthy controls. The Y -axis was log10-transformed for better visualization. Zeros were 180 
replaced with 1 to avoid undefined values on the log-transformed axis. Asterisks indicate whether the 181 
concentrations at each respective time point were significantly different from any of the other time points 182 
(showing the maximum significance level). (C) Bacterial alpha-diversity, measured by inverse Simpson index, of 183 
the intestinal microbiome shown with log10-transformed y-axis. (D) Rank abundance curve displaying the 8 184 
most abundant taxonomic families in the dataset (comprising 98 fecal samples).  185 
 186 
 187 
Patient cohort and outcomes 188 
At the time of HSCT, the 37 patients were on average 8.2 years old (age range 1.1 - 18.0 years). 189 
Twenty-five patients (68%) were diagnosed with at least one bacterial infection at median 75 days 190 
post HSCT (range: day -19 to +668). Twenty-six patients (70%) had no or mild aGvHD (grade 0-I) 191 
(Additional file 1: Table S1). Eleven patients (30%) developed moderate to severe aGvHD (grade II, III 192 
or IV) at median 18 days (range: day +9 to +45) after transplantation (Additional file 1: Table S1). 193 
Seven patients (19%) died during the follow-up period at median 266 days post HSCT (range: day +9 194 
to +784) (5 relapse-related and 2 treatment-related deaths) (Additional file 1: Table S1). In total, six 195 
patients (16%) relapsed, four of which underwent a re-transplantation. All patients received 196 
antibiotics pre- and post-transplantation (Additional file 1: Table S1). Prophylactic trimethoprim-197 
sulfamethoxazole was administered to all patients from day -7 until transplantation. During the 198 
period of neutropenia or latest from day -1, patients received prophylactic intravenous ceftazidime. 199 
In case of infections indicated by fever or microbial culture, ceftazidime was substituted by 200 
intravenous meropenem, vancomycin or other antibiotics, according to culture-based results. 201 
 202 
Temporal dynamics of immune markers and the intestinal microbiota in HSCT patients 203 
Prior to assessing the interplay between clinical variables (i.e., immune markers, immune 204 
reconstitution, clinical outcomes) and the intestinal microbiota, we characterized these components 205 
separately. In order to provide an overview of changes in immune markers and immune cell counts 206 
after HSCT in our cohort (n=37), we assessed their temporal patterns (Figures 1B, 1C, and Additional 207 
file 2: Figure S1). We characterized hBD2 for the first time in the context of HSCT by assessing 208 
plasma hBD2 concentrations over time from pre-HSCT to month +3 post HSCT in patients compared 209 
to healthy controls. The hBD2 concentration increased from pre-HSCT to the day of HSCT (P < 0.001), 210 
then slightly decreased in week +1 (P = 0.038) before increasing again in week +3 (P = 0.006). HBD2 211 
decreased again in month +2 (P = 0.014) (Figure 1B). CRP levels were high pre-HSCT and until week 212 
+2, then decreasing significantly in week +3 (P < 0.001) with the lowest levels in weeks +4 to +6 (P < 213 
0.001) (Additional file 2: Figure S1A). Median plasma citrulline levels decreased from pre-HSCT to 214 
week +1 (P < 0.001) and increased again in week +3 (P < 0.001) (Additional file 2: Figure S1A). B cell 215 
counts as well as CD4+ T cell counts increased steadily from month +1 to month +6 (P < 0.001) 216 
(Additional file 2: Figure S1B). 217 
 218 
To gain insight into intestinal microbial dynamics before, at the time of, and after HSCT, we obtained 219 
a total of 97 fecal samples from a subcohort of 30 patients. Using 16S rRNA gene sequence analysis, 220 
we identified 239 operational taxonomic units (OTUs) (see Methods). Microbial alpha-diversity was 221 
lower at all time points post-HSCT compared to pre-HSCT (Figure 1B). The median inverse Simpson 222 
index decreased from 3.27 (range: 1.02 – 7.4) before HSCT to 2.89 (range: 1.04 - 10.77) on the day of 223 
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transplantation and further to 2.03 (range: 1.0 – 16.51) post-HSCT (median of week +1 to +5). 224 
Enterococcaceae (Firmicutes) was the most abundant bacterial family observed, followed by other 225 
Firmicutes, such as three families from the class of Bacilli (Lactobacillaceae, Streptococcaceae, 226 
Staphylococcaceae), two families from the class of Clostridia (Lachnospiraceae, Ruminococcaceae), a 227 
family within the class of Erysipelotrichia (Erysipelotrichaceae) and a family within the class of 228 
gamma- Proteobacteria (Enterobacteriaceae) (Figure 1C).  229 
 230 
 231 
 232 

 233 
 234 
Figure 2. Correlations between immune markers, immune cell counts, and outcomes in patients undergoing 235 
HSCT. A) Pairwise Spearman's correlation between immune markers and immune cell counts in HSCT patients 236 
(n=37) that were determined to be significant in a permutational multivariate analysis of variance using 237 
(microbial) distance matrices (adonis) (See Table S2). Positive and negative correlations are represented by red 238 
or blue circles, respectively, and the size of circles and intensity of color refer to the strength of the 239 
correlation. Correlations that are significant (P ≤ 0.05) are indicated by a black outline of the circle. (B) Natural 240 
killer (NK) and total B cell (mature and immature) reconstitution in month +2 with respect to the maximum 241 
acute GvHD (aGvHD) grade (0-I vs. II-IV) in HSCT patients (n=37). Abbreviations: hBD2_pre, hBD2_w0, 242 
hBD2_w1, hBD2_w2: plasma human beta-defensin 2 concentration pre-HSCT, on the day of HSCT, and in 243 
weeks +1 and +2, respectively; mono_pre, mono_w3: monocyte counts pre-HSCT and in week +3, respectively; 244 
neutro_m3: neutrophil count in month +3; CD8+_m1: CD8+ T cell counts in month +1; Age: Recipient age at 245 
time point of transplantation; NK_m1, NK_m2: Natural killer cell counts in months +1 and +2, respectively; 246 
B_m2, mat_B_m2, immat_B_m2: all, mature, and immature B cell counts in month +2; CD4+_m2: CD4+ T cell 247 
counts in month +2;  Citr_pre, Citr_w1: plasma citrulline levels pre-HSCT and in week +1, respectively; CRP, 248 
CRP_w1, CRP_w5, CRP_w6, CRP_m3, CRP_m6: C-reactive protein levels at time points simultaneous to 249 
microbiome characterization, in weeks +1, +5, and +6, and in months +3 and +6, respectively. * P < 0.05, ** P < 250 
0.01 and *** P < 0.001. 251 
 252 
 253 
 254 
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Associations between immune markers and immune cell reconstitution in HSCT patients 255 
In order to identify patient baseline parameters and clinical outcomes (e.g. aGvHD, relapse, overall 256 
survival), as well as immune markers and immune cell types that might be important determinants 257 
in HSCT in relation to the microbiome, we performed variable assessment by permutational 258 
multivariate analysis of variance (adonis). The variables that were found to be significant (P ≤ 0.05), 259 
i.e., those that explained most variation in the microbial community distance matrix, were selected 260 
for subsequent analyses (Additional file 3: Table S2). Of note, the occurrence of relapse as an 261 
indication of transplantation outcome was assessed but not found to be significant in adonis, and 262 
was therefore not included in follow-up analyses. We then assessed associations of the selected 263 
immune markers and immune cells in the data set comprising 37 patients by determining 264 
Spearman’s rank correlations. The hBD2 concentrations pre-HSCT, on the day of HSCT and in weeks 265 
+1 and +2 post-HSCT were positively correlated with each other (ρ= 0.73 - 1, P < 0.001) (Figure 2A). 266 
NK cell counts in month +1 exhibited a positive correlation with total B cell counts (ρ= 0.64, P = 267 
0.0046) and mature B cells counts (ρ= 0.62, P = 0.0114) in month +2. When we related immune cell 268 
reconstitution to outcomes, we observed significantly higher NK cell counts and total B cell counts in 269 
month +2 in patients with no or mild aGvHD (grade 0-I) compared with patients with moderate to 270 
severe aGvHD (grade II-IV) (Wilcoxon rank sum test, NK cells, P = 0.011; B cells, P < 0.001) (Figure 271 
2B).  272 
 273 
High plasma hBD2 and monocytes prior to HSCT in patients with high Lactobacillaceae   274 
To gain insight into how the selected immune markers and immune cell counts co-vary with gut 275 
microbial abundances in patients with distinct outcomes, we implemented two multivariate multi-276 
table approaches for the subcohort (n=30), namely sparse partial least squares (sPLS) regression and 277 
canonical correspondence analysis (CCpnA). The sPLS regression models OTU abundances as 278 
predictors and clinical variables as response variables and explains the latter in an asymmetric (i.e. 279 
unidirectional) way. In contrast, the CCpnA assesses relationships between parameters of the 280 
immune system and microbiota bidirectionally. In the following paragraphs, the results of these two 281 
analyses are reported for one observed cluster at a time, respectively. 282 
 283 
First, we performed sPLS regression to reveal multivariate correlation structures between immune 284 
markers, immune cell counts, and OTU abundances, modeling the latter as explanatory variables. 285 
The sPLS regression and subsequent hierarchical clustering suggested that the data separated into 286 
three clusters (Figure 3A). High monocyte counts and high plasma hBD2 concentration prior to HSCT, 287 
high patient age at the time of transplantation, and high abundances of Lactobacillaceae 288 
independent of time point contributed the most to the formation of cluster 1. Of note, monocyte 289 
counts and hBD2 were positively correlated with each other, in agreement with the correlation 290 
analysis above (Figure 2A). The Lactobacillaceae were represented by microaerophilic Lactobacillus 291 
sp. OTUs (e.g., AF413523.1, GU451064.1, KF029502.1) (Figure 3B, Additional file 4: Table S3). These 292 
OTUs exhibited high loading weights in sPLS dimension 2 (Figure 3C), indicating that they 293 
contributed strongly to the separation of clusters in dimension 2 (Figure 3A and 3B).  294 
 295 
Second, we applied CCpnA to model the canonical relationships between OTU abundances and 296 
clinical variables through the construction of common “latent” variables. The overall model was 297 
significant (P = 0.001) as well as the first two components (Table 1). The CCpnA confirmed the 298 
separation of the data into three clusters as observed in the sPLS regression (Figures 3A, 4, and 299 
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Additional file 5: Figure S2A), including the clustering of OTUs. In addition, the CCpnA facilitated the 300 
inclusion of categorical variables, such as the patients’ baseline parameters (e.g., recipient sex, 301 
donor type) and clinical endpoints (aGvHD grade, overall survival). Because CCpnA is an 302 
unsupervised method and upheld the results of the sPLS regression, it provides confidence in the 303 
cluster findings. 304 
 305 
 306 
Table 1: ANOVA of the Canonical Correspondence Analysis (CCpnA) model, and significant and 307 
trending variables. 308 
  F Χ2 P-value 
CCpnA Overall model 2.4131   

 
4.1983 0.001 

 Component 1 12.8964 
 

0.8013 
 

0.001 

 Component 2 10.4837 
 

0.6514 
 

0.001 

Continuous 
constrains  

CD8+ T cells in month +1 2.8107   0.1746 0.021 

 NK cells in month +2 2.2697   0.1410 0. 074 
 monocytes pre-HSCT 2.0925   0.1300 0.079 

Immune cell counts contributed most to the fit of the ordination. NK cells: natural killer cells. 309 
 310 
 311 
Cluster 1 in the CCpnA seemed to include patients who developed moderate to severe aGvHD (grade 312 
II - IV) and who died. As suggested by both, sPLS and CCpnA, these patients exhibited high levels of 313 
plasma hBD2 before HSCT (and in week +1 and +2) and high monocyte counts before HSCT. The 314 
latter showed a trending contribution to the fit of the ordination (P = 0.079, Table 1). OTUs within 315 
this CCpnA cluster predominantly included members of the family Lactobacillaceae and were most 316 
abundant in fecal samples of these patients (Figure 4 and Additional file 6: Figure S3). OTUs that 317 
were assigned to cluster 1 by the sPLS-based hierarchical clustering were congruently associated 318 
with the same clinical variables in the CCpnA (Figures 3B and 4).  319 
 320 
 321 
 322 
 323 
 324 
 325 
 326 
 327 
 328 
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 329 
 330 
Figure 3. Sparse partial least squares (sPLS) regression of immune parameters and intestinal bacterial taxa 331 
during HSCT. (A) Correlation circle plot for the first two sPLS dimensions with correlations displayed for >0.2/<-332 
0.2. The two grey circles indicate correlation coefficient radii at 0.5 and 1.0. Bacterial operational taxonomic 333 
units (OTUs) are displayed as circles, and are colored according to the cluster they are affiliated with (Cluster 1: 334 
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blue; Cluster 2: orange; Cluster 3: grey). Variables projected closely to each other are positively correlated. 335 
Variables projected diametrically opposite from each other are negatively correlated. Variables situated 336 
perpendicularly to each other are not correlated. (B) Clustered image map (CIM) of the first two sPLS 337 
dimensions, displaying pairwise correlations between OTUs (bottom) and clinical variables (left). Red and blue 338 
indicate positive and negative correlations, respectively. Hierarchical clustering (clustering method: complete 339 
linkage, distance method: Pearson’s correlation) was performed within the mixOmics cim() function based on 340 
the sPLS regression model. An overview of the OTU abundances in the individual samples is provided in Figure 341 
S3, and a list of the individual OTUs and their cluster-affiliation is provided in Table S3. (C) Loading plots of 342 
OTUs with maximum contributions on the first (left) and second (right) component, respectively. The bars are 343 
coloured according to the cluster they are affiliated with. The family-affiliation for each respective OTU is 344 
indicated by color (for legend see B). Abbreviations of variables are the same as in Figure 2.  345 
 346 
 347 
Temporal patterns of the Lactobacillaceae-dominated community state type  348 
Upon revealing an association between high plasma hBD2 concentrations and monocyte counts 349 
prior to HSCT, moderate to severe aGvHD, and high mortality with high abundances of 350 
Lactobacillaceae in multivariate analyses, we assessed in more detail the importance of longitudinal 351 
changes in these components. We implemented an additional approach to identify distinct bacterial 352 
community patterns by employing partitioning around medoid (PAM) clustering (see Methods). In 353 
this analysis, we detected four community state types (CSTs). Dominating taxa, similar to those 354 
identified by the sPLS-based hierarchical clustering, were revealed in the CSTs, e.g., Lactobacillaceae 355 
members dominated CST 1 (Additional file 4: Table S3 and Additional file 7: Figure S4). We then used 356 
this information to examine temporal community state changes in individual patients, i.e., their 357 
transitions between CSTs over the course of time (Figure 5). Based on clinical outcomes, the patients 358 
can be divided into four groups: 1. Patients who developed no or mild aGvHD (aGvHD grade 0-I) and 359 
survived compared to 2. Patients who died, and 3. Patients who developed moderate to severe 360 
aGvHD (grade II-IV) and survived compared to 4. Patients who died (Figure 5). We observed that 6 361 
out of 8 patients (75%) with moderate to severe aGvHD (groups 3 and 4) harboured the 362 
Lactobacillaceae–dominated CST 1 at least once during the monitored period (1x: n=2, 2x: n=2, 3x: 363 
n=2) (Figure 5). In comparison, only 5 out of 22 patients (23%) with aGvHD grade 0-I (groups 1 and 2) 364 
carried CST 1 one or two times (Figure 5). Interestingly, high abundances of Lactobacillaceae in 365 
patients with aGvHD grade II-IV (groups 3 and 4) occurred predominantly at late time points (week 366 
+1 and later) (Figure 5 and Additional file 6: Figure S3).   367 
 368 
Temporal association of Lactobacillaceae with aGvHD and immune markers 369 
To relate temporal changes in immune markers to those in the bacterial community composition in 370 
patients with aGvHD grade II-IV who died (group 4), we assessed their individual longitudinal profiles 371 
(Figure 6). In all three patients (P24, P26, P30), a large expansion of Lactobacillaceae abundances 372 
after the onset of aGvHD was observed. The average relative abundance of Lactobacillaceae after 373 
aGvHD onset was 72.92% (range  0.22 – 97.04%), as compared to before aGvHD (average 9.88%, 374 
range 0.25 – 37.83%) (Figure 6). Furthermore, bacterial alpha diversity was lower at the time point 375 
after aGvHD onset compared to the time point before (Figure 6). All three patients were treated 376 
with antibiotics for different durations between these two time points and prior to the time point 377 
before aGvHD onset.  378 
In agreement with the results of the multivariate analyses, two of the patients (P24 and P26) 379 
exhibited between 1.95 and 14.56 times higher plasma hBD2 concentrations for all measured time 380 
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points compared with the average of the whole data set (average plasma hBD2 concentration: 381 
10,983.9 pg/ml, range: 0-177,400.28 pg/ml). The plasma hBD2 concentration was the highest at the 382 
time of HSCT in patient P26 and before HSCT in patient P24 (Figure 6). Of note, patient P24 received 383 
corticosteroid-based GvHD prophylaxis prior to HSCT and both patients received anthymocyte 384 
globulin as part of their conditioning regimen.  These two patients had underlying malignant 385 
diseases and their pre-HSCT CRP levels, providing insight into underlying inflammation, were 1.6 386 
times lower and 1.29 times higher compared with the average of the whole data set on that time 387 
point (average plasma CRP concentration before HSCT: 19.21 mg/L: , range: 1 – 60.36 mg/L), 388 
respectively. Monocyte counts before HSCT, i.e., recipient-derived cells, were 6.25 times higher in 389 
patient P24 compared with the average of the whole data set (average monocyte count before 390 
HSCT: 0.45 x 109/L, range:  0.08 – 2.83 x 109/L) and close to average in patient P26. In both patients, 391 
monocyte counts were higher before (i.e., recipient-derived cells) than after HSCT (i.e., donor-392 
derived cells) (Figure 6).  393 
 394 
In contrast to the Lactobacillaceae expansion after aGvHD onset in group 4, we observed high 395 
Lactobacillaceae abundances already before aGvHD onset in three survivors (P16, P22 and P29) who 396 
developed aGvHD grade II-IV (group 3) (Additional file 8: Figure S5). The average relative abundance 397 
of Lactobacillaceae before aGvHD onset was 53.18% (range 0.35 – 98.86%), as compared to after 398 
aGvHD (average 18.25%, range 0 – 54.78%). However, these observations were limited by a small 399 
number of patients per outcome group (groups 3 and 4) (Figure 5) and therefore cannot serve to 400 
provide statistical evidence.  401 
 402 
High NK and B cells and no or mild aGvHD in patients with high obligate anaerobes such as 403 
Ruminococcaceae  404 
The association between NK and total B cell counts after HSCT observed in the Spearman’s 405 
correlation analysis (Figure 2) was supported by the multivariate analyses (Figures 3 and 4). In the 406 
sPLS regression, cluster 2 included high NK cell counts in months +1 and +2, as well as high 407 
immature, mature, and total B cell counts in month +2 (Figure 3A). Furthermore, NK and B cell 408 
counts were positively correlated with OTUs found in cluster 2 (Figure 3A and B), in particular with 409 
members of the family Ruminococcacea (Order: Clostridiales) (Figure 3B, Additional file 4: Table S3). 410 
Strong positive correlations between mature and total B cell counts in month +2 and NK cell counts 411 
in month +1 were observed, for example, with Faecalibacterium sp. (DQ804549.1) (Figures 3B and 412 
3C, Additional file 4: Table S3). Additionally, we observed positive associations of these immune cells 413 
with Lachnospiraceae (Order: Clostridiales), among those two Blautia spp. (DQ800353.1 and 414 
DQ802363.1) (Figures 3B and 3C, Additional file 4: Table S3). 415 
 416 
 417 
 418 
 419 
 420 
 421 
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 422 
 423 

Figure 4. Canonical correspondence analysis (CCpnA) of immune parameters and intestinal bacterial taxa in 424 
patients undergoing HSCT. Triplot showing dimension 1 and 2 of the CCpnA that included continuous clinical 425 
variables (arrows), categorical variables (+), and OTUs (circles). Samples are depicted as triangles. OTUs with a 426 
correlation of >0.2/<-0.2 in the sPLS analysis were included in the CCpnA model. Only the variables and OTUs 427 
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with a score >0.2/<-0.2 in at least one CCpnA dimension are shown. The OTUs in the CCpnA plot are colored 428 
according to the cluster they were affiliated with in the sPLS-based hierarchical clustering analysis, and the 429 
ellipses present an 80% confidence interval, assuming normal distribution. For visualization purposes, this plot 430 
is a section focussing on the categorical and continuous variables contributing to the ordination. The full size 431 
version of the CCpnA triplot, including all samples and OTUs, is presented in Figure S2A. Abbreviations of 432 
variables are the same as in Figure 2. 433 
 434 
 435 
In support of the sPLS regression, the CCpnA also revealed high NK and B cell counts in cluster 2 in 436 
months +1 and +2. NK cell counts in month +2 showed a trending contribution to the fit of the 437 
ordination (P = 0.074, Table 1). Based on the CCpnA, we found that NK and B cell reconstitution was 438 
associated with certain disease outcomes. For example, patients who had no or mild aGvHD and 439 
survived were predominantly represented in cluster 2. Cluster 2 included OTUs mainly belonging to 440 
Ruminococcaceae and Lachnospiraceae, exhibiting their highest abundances in patient samples 441 
associated with this cluster. OTUs with the highest scores in dimension 2 predominantly belonged to 442 
the family of Ruminococcacea and matched the sPLS-based hierarchical cluster assignment (Figure 443 
4). 444 
 445 
As all patients received antibiotic treatment prior to and post transplantation, we examined the 446 
potential effect of antibiotics on the intestinal bacterial community composition. A trending 447 
influence of the vancomycin treatment was revealed by adonis analysis (P = 0.055). Using a CCpnA 448 
model that also included information about antibiotic treatments, we found that patients exhibited 449 
higher abundances of Ruminococcaceae and Lachnospiraceae and lower abundances of 450 
Enterobacteriaceae at time points without the vancomycin treatment compared to with vancomycin 451 
(Additional file 5: Figure S2B). The same pattern was observed for treatment with ciprofloxacin 452 
(Additional file 5: Figure S2B).  453 
 454 
Community state typing also revealed a state type dominated by Ruminococcaceae and 455 
Lachnospiraceae family members (CST 2) (Additional file 7: Figure S4). A total of 10 out of 22 456 
patients (45%) with no or mild aGvHD were assigned to CST 2 at least at one time point (1x: n=6, 2x: 457 
n=3, 3x: n=1) (Figure 5). Half of the patients (4 out of 8) with moderate or severe aGvHD were also 458 
assigned to CST 2 once, but only at the time point before transplantation (Figure 5). That is, a 459 
Ruminococcaceae- and Lachnospiraceae-dominated community only persisted in patients with no or 460 
mild aGvHD. 461 
 462 
 463 
 464 
 465 
 466 
 467 
 468 
 469 
 470 
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 471 
 472 
Figure 5. Bacterial community state types over time in patients undergoing allogeneic HSCT. Patients are 473 
grouped into four outcome groups: 1. Patients who developed no or mild aGvHD (grade 0-I) and survived vs. 2. 474 
Patients who did not survive; 3. Patients who developed moderate to severe aGvHD (grade II-IV) and survived 475 
vs. 4. Patients who did not survive. The day of commencement of aGVHD grade II-IV and the day of death post 476 
HSCT are displayed to the right. Patients with moderate to severe aGvHD (groups 3 and 4) most often 477 
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harbored the Lactobacillaceae-dominated community state type 1 (CST 1), especially at late time points.  CST2, 478 
dominated by Ruminococcaceae and Lachnospiraceae, did not persist after HSCT in any of the patients in 479 
groups 3 and 4. A detailed overview of the CSTs is provided in Figure S4, and information about individual 480 
OTUs and their cluster-affiliation is provided in Table S3. 481 
 482 
 483 
Persistence of Enterococcaceae-dominated community state type 484 
A subcluster of cluster 2 comprised two facultative anaerobe Enterococcus spp. (GQ1330038.1 and 485 
AJ272200.1), exhibiting positive correlations with high NK and B cell counts (Figure 3B) and 486 
contributing to the separation of the clusters (Figure 3C). Enterococcaceae was the most abundant 487 
family in the overall study population (Figure 1D), and community state typing revealed a state type 488 
predominantly characterized by Enterococcaceae (CST 4, Additional file 7: Figure  S4). A total of 9 out 489 
of 22 patients (41%) with no or mild aGvHD were assigned to CST 4 at least at one time point (1x: 490 
n=2, 2x: n=2, ≥3x: n=5) and this Enterococcaceae-dominated CST often persisted in the patient over 491 
time (Figure 5). A quarter of the patients (2 out of 8, both survivors) with moderate or severe aGvHD 492 
were assigned to CST 4 at least at one time point on the day of or post-HSCT (Figure 5).  493 
 494 
High inflammation in patients with high facultative anaerobic bacteria  495 
In multivariate analyses, OTUs belonging to facultative anaerobic Enterobacteriaceae and 496 
Staphylococcaceae were characteristic for sPLS cluster 3 (Figures 3A and 3B, Additional file 4: Table 497 
S3). Cluster 3 was further comprised of high plasma citrulline concentrations pre-HSCT (before 498 
conditioning) and week +1, high monocyte counts in week +3, high CD4+ T cell counts in month +2, 499 
high CRP levels, particularly in weeks +1, +5, and +6 (Figures 3A and 3B). The projection of the 500 
variables in the sPLS suggested a weak positive correlation between these clinical variables in 501 
dimension 1 (Figure 3A). However, a weak negative association between CRP levels and monocytes 502 
(week +3) as well as citrulline and CD4+ T cell counts is indicated in dimension 2 (Figure 3A), which is 503 
in agreement with some results of the Spearman’s rank correlation tests (Figure 2).  504 
 505 
The clinical variables in cluster 3, in particular high CRP levels post HSCT, exhibited positive 506 
correlations with the OTUs predominantly affiliated with Proteobacteria (e.g., Enterobacteriaceae), 507 
Bacteroidetes, and Staphylococcus spp. (Figure 3B, Additional file 4: Table S3). The strongest positive 508 
correlations occurred with several facultative anaerobe bacteria, e.g., Enterobacter sp. LCR81 509 
(FJ976590.1), Escherichia coli (FJ950694.1) and Staphylococcus sp. (JF109069.1). The CCpnA 510 
supported observations from the sPLS regression regarding cluster 3, but indicated that they were 511 
only represented by a few patient samples (Figure 4 and Additional file 5: Figure S2A). These samples 512 
were characterized by high CRP levels (especially in week +1, +5, and +6). OTUs of cluster 3, i.e., 513 
members of Enterobacteriaceae and Staphylococcaceae, exhibited their highest abundances in 514 
samples of this cluster (Figure 4 and Additional file 5: Figure S2A). Of note, patients represented in 515 
cluster 3 were younger compared to those in the other two clusters (Figure 4).  516 
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 517 
 518 
Figure 6. Longitudinal profiles of microbial community composition and immune markers in non-survivors 519 
with aGvHD. Abundances of Lactobacillaceae increased predominantly after aGvHD onset in patients who died 520 
during the follow-up period. Patient P24 developed chronic GvHD on day +187, relapsed on day +548 and died 521 
on day +784 due to graft rejection after re-transplantation. Patient P26 died on day +602 after a relapse on 522 
day +442 followed by re-transplantation on day +518. Patient P30 died on day +192 after relapse on day +77. 523 
Patient P26 and P30 had no reported bacterial infections during the depicted period. Abbreviations: 524 
InvSimpson, inverse Simpson diversity index; hBD2, human beta-defensin 2; aGvHD, acute graft-versus-host-525 
disease; inf, bacterial infection. 526 
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Discussion 527 

The human immune system and host-associated microorganisms are closely interlinked and 528 
play central roles in health and disease. The underlying components and mechanisms 529 
facilitating interactions between the immune system and microorganisms are however not 530 
completely understood. Understanding these associations is particularly relevant in patients 531 
that receive components of a “foreign” immune system, such as in patients undergoing 532 
allogeneic HSCT. Because both the patients’ immune system and microbiome appears 533 
severely affected, they potentially jointly impact on clinical outcomes. Here, we perform an 534 
integrated analysis of immune markers, immune reconstitution data, clinical outcomes, and 535 
microbiota, and we provide evidence for the association between specific microbial taxa, 536 
host immune markers, immune cells and clinical outcomes. 537 
We observed that a predominance of Clostridiales, represented by Ruminococcaceae and 538 
Lachnospiraceae, in the intestine did not persist after transplantation in patients who either 539 
developed aGvHD grade II-IV, died, or both. Clostridiales are common colonizers of the 540 
healthy distal gut [23],  and their loss is associated with microbial community disruption, 541 
reduced diversity, and GvHD [14]. A low diversity before conditioning and at the time of 542 
engraftment is associated with increased mortality [4, 5], in line with our findings.  543 
In addition, we observed high plasma hBD2 levels before HSCT and in weeks +1 and +2 post 544 
HSCT in patients who developed aGvHD grade II-IV, died, or both. The reason for the high 545 
hBD2 levels before HSCT in patients with increased mortality and GvHD is unknown at 546 
present. One could speculate that it relates to a higher burden of inflammation before and 547 
during the first two weeks post-transplantation. This was also reflected in higher counts of 548 
(recipient-derived) monocytes pre-HSCT that, by secreting hBD2, might contribute to an 549 
inflammatory reaction and thereby a potentially higher risk of aGvHD after HSCT. High hBD2 550 
concentrations in weeks +1 and +2 could be an indicator for an innate immune reaction 551 
involving donor-derived cells, for example, against opportunistic pathogens that may have 552 
translocated to the bloodstream [24]. This might have been promoted by the decrease in 553 
Ruminococcaceae and Lachnospiraceae abundances in these patients after HSCT, indicating 554 
a microbial community disruption. Plasma hBD2 concentrations were characterized for the 555 
first time here in HSCT patients, and our findings emphasize the importance for further 556 
investigations to exploit the potential of hBD2 as a novel candidate marker for outcomes 557 
after HSCT. Importantly, our data suggested that differences in hBD2 secretion levels 558 
between patients were highly dependent on both, the microbial community composition 559 
and the time point relative to HSCT. We suggest that further investigations take into 560 
account variations of microbial community patterns and temporal changes when assessing 561 
hBD2 in the HSCT context. Moreover, these findings may be refined with a sampling time 562 
point homogeneity that is higher than what we provide in this study. 563 
 564 
An interesting observation was that high pre-HSCT hBD2 levels and monocyte counts were 565 
associated with high abundance of Lactobacillaceae independent of time point. Probiotic 566 
Lactobacillus spp. have previously been shown to enhance hBD2-secretion in immune cells, 567 
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thereby contributing to the innate immune defense [25, 26]. This mechanism could play a 568 
protective role during blood stream infections by opportunistic pathogens in HSCT patients. 569 
The increase of Lactobacillaceae abundances, particularly after the onset of aGvHD in 570 
patients who died, may be explained by a previously proposed compensatory mechanism to 571 
reduce aGvHD severity after onset in mice and humans [14]. For instance, high abundances 572 
of Lactobacillaceae could indicate homeostasis in the gut microbiome of children and 573 
thereby prevent inflammation caused by opportunistic pathogen expansion [27, 28]. 574 
Reduced intestinal inflammation might then benefit the outcome of aGvHD. This might 575 
however also lead to a less effective graft-versus-leukemia (GvL) effect as suggested by the 576 
finding that all patients, for which we observed moderate to severe aGvHD and subsequent 577 
increased Lactobacillaceae post HSCT, overcame aGvHD, but died following a relapse. Only a 578 
few patients in our study represented this combination of outcomes (moderate to severe 579 
aGvHD with subsequent increase of Lactobacillaceae and death), therefore no significant 580 
conclusion can be drawn at this point and further studies are needed to address these 581 
observations in more detail.  582 
We provide a discussion on survival following high Lactobacillaceae abundances prior to the 583 
onset of aGvHD in Additional file 9: Supplementary discussion. 584 
 585 
In contrast to patients with moderate to severe aGvHD, we observed a higher overall 586 
survival in patients with no or mild aGvHD in multivariate analyses. The latter patients also 587 
had increased numbers of NK and B cells. In agreement with our study, previous studies 588 
have shown slower NK cell reconstitution after HSCT in patients with moderate to severe 589 
aGvHD compared to those with no or mild aGvHD [29]. Moreover, our results are in 590 
agreement with the previously described association of low NK cell numbers after HSCT and 591 
reduced overall survival [30], in line with NK cells’ crucial role in the GvL effect [7]. A poor 592 
recovery of B cells has been found to pose an increased risk of late infections [31], which 593 
might be an explanation for the association of high B cell counts and lower survival. The 594 
lower B cell numbers we observed in patients with more severe aGvHD could partially be a 595 
consequence of aGvHD or the treatment with corticosteroids, which is known to reduce the 596 
number of B cell precursors [21, 29]. However, based on our findings, the intestinal 597 
microbiota could also play a contributing role, because faster NK and B cell reconstitution as 598 
well as lower aGvHD severity, and higher overall survival were associated with high 599 
abundances of obligate anaerobes belonging to Ruminococcaceae and Lachnospiraceae. 600 
Indeed, decreased abundances of these bacterial families have previously been associated 601 
with an overall microbial disruption and decreased diversity [5, 15, 32]. In line with our 602 
observations, reduced microbial diversity was shown to contribute to lower survival [4] and 603 
a reduction of Clostridiales was observed in patients presenting aGvHD [33]. Furthermore, in 604 
melanoma patients, a low diversity and decreased Ruminococcaceae abundance were 605 
associated with a poor response to immunotherapy [34]. A potential explanation for this 606 
association could be that members of the order Clostridiales can downregulate 607 
inflammation and might thereby prevent aGvHD. Anti-inflammatory components produced 608 
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by Clostridiales include, for example, urinary 3-indoxyl sulfate (3-IS) [35] and butyrate [36]. 609 
Acute GvHD might also reinforce microbial community disruption, as it is known to be 610 
accompanied by a reduction of Paneth cell numbers in the intestine. Paneth cells are 611 
secretors of α-defensins, important modulators of gut microbial homeostasis [37].  612 
In contrast to the patient group with high abundances of obligate anaerobic bacteria (e.g., 613 
Ruminococcaceae and Lachnospiraceae), patients with high abundances of facultative 614 
anaerobic bacteria (e.g., Enterobacteriaceae, Staphylococcus spp., and Streptococcus spp.), 615 
showed slow NK and B cell reconstitution. An increase in facultative anaerobic bacteria has 616 
previously been observed in the gut microbiome of HSCT recipients before the start of 617 
conditioning compared with donors [5]. Here, we additionally observed high levels of C-618 
reactive protein (CRP), indicating high inflammation in these patients. A possible 619 
explanation for this association might involve the shift to microbial growth conditions that 620 
favor facultative anaerobic bacteria during intestinal inflammation, such as an increased 621 
availability of oxygen caused by inflammatory products [38]. Our multivariate analyses 622 
indicated that the patients in which we observed these associations were younger 623 
compared to the rest of the cohort. Therefore, one could speculate that an immature 624 
intestinal microbiome might exhibit a higher susceptibility to opportunistic growth of 625 
facultative anaerobic bacteria. Further investigations will have to elucidate this relation and 626 
its potential consequences for adjustments of monitoring and treatment by age. 627 
We provide a discussion on our findings regarding associations of adverse outcomes with 628 
Enterococcus compared with previous studies in Additional file 9: Supplementary discussion. 629 
 630 
Antimicrobial treatment of patients can significantly affect the gut microbiota, especially in 631 
children [39]. Early use of antibiotics in general has been found to reduce Clostridiales in the 632 
intestine of HSCT patients [40]. Furthermore, a link of high total amounts of antibiotic in 633 
GvHD development has been observed in pediatric stem cell recipients [41]. However, to 634 
our knowledge, the effects of specific antibiotics on the intestinal microbiome in HSCT 635 
patients have not yet been elucidated in detail. Here, we identified a number of specific 636 
antibiotics, including vancomycin and ciprofloxacin, associated with simultaneous reduction 637 
of Clostridiales (in particular Ruminococcaceae and Lachnospiraceae). Most interestingly, we 638 
found that treatment with vancomycin and ciprofloxacin was not only associated with 639 
reduced Clostridiales, but also with increased abundances of facultative anaerobic bacteria, 640 
e.g., Enterobacteriaceae (gamma-Proteobacteria). Vancomycin-treatment in a cohort of 641 
rheumatoid arthritis patients was previously shown to be associated with an expansion of 642 
Proteobacteria [42]. The use of a prophylactic ciprofloxacin treatment to prevent 643 
chemotherapy- and transplantation-related bloodstream infections is an established 644 
method [43], and it was proposed that fluoroquinolones (the antibiotic class comprising 645 
ciprofloxacin) can prevent intestinal domination of Proteobacteria in HSCT patients [15]. 646 
However, ciprofloxacin treatment in healthy subjects has been associated with decreased 647 
microbial diversity  and decreased Ruminococcaceae and Lachnospiraceae abundances [44], 648 
indicating microbial community disruption. Therefore, our findings further challenge the 649 
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choice of antibiotics, such as vancomycin and ciprofloxacin, in patients undergoing 650 
chemotherapy and HSCT. However, we did not take the mode of application of the 651 
antibiotics into account here, which might limit the strength of our conclusion. It remains to 652 
be determined whether certain antibiotics modulate the patients’ microbiome and how this 653 
might lead to either positive or adverse clinical outcomes.  654 
 655 

Conclusions 656 
Our findings support the increasing evidence of microbial involvement in the context of HSCT in 657 
cancer patients. We provide evidence for the association between specific microbial taxa and host 658 
immune markers. In particular, we examined the prognostic potential of immune markers and gut 659 
microbial community dynamics for immune reconstitution and outcomes after HSCT by revealing 660 
multivariate associations. We observed increased human beta-defensin 2 in patients with moderate 661 
to severe aGvHD and high mortality. In those patients, NK and B cell reconstitution was slow 662 
compared to patients with low mortality. These associations only applied when distinct gut microbial 663 
abundance patterns were observed, namely low abundances of Ruminococcaceae and high 664 
abundances of Lactobacillaceae. Therefore, hBD2, in connection with longitudinal microbial 665 
community pattern surveillance, could be further evaluated as a potential novel candidate marker to 666 
identify patients at risk of adverse outcomes (e.g. aGvHD) and slow immune cell reconstitution after 667 
HSCT, contributing to improved clinical outcomes. Of note, our cohort comprised a relatively small 668 
number of patients with different primary diseases and conditioning regimens, and our findings 669 
would therefore benefit from being assessed in larger, more homogenous patient groups. 670 
Importantly, microbial abundances also depended on antibiotic treatment. Our findings suggest that 671 
certain antimicrobial agents might contribute to a shift from obligate to facultative anaerobes. This 672 
highlights the need to assess the usage of specific antibiotics in more detail and to take antibiotic 673 
treatment into consideration when describing microbial communities in HSCT recipients. 674 
 675 

Methods 676 
Patient recruitment and sample collection 677 
We recruited 37 children (age range 1.1 - 18.0 years) undergoing their first myeloablative allogeneic 678 
hematopoietic stem cell transplantation at Copenhagen University Hospital Rigshospitalet, Denmark, 679 
from June 2010 to September 2012. Patients’ clinical characteristics are listed in Additional file 1: 680 
Table S1. Further information can also be found in previous studies where the cohort has been 681 
examined in relation to other questions [17, 45–47]. All patients received pretreatment with a 682 
myeloablative conditioning regimen, starting on day -7 (Additional file 1: Table S1). Four patients 683 
were re-transplanted at day +157, +518, +712 and +1360 after the first transplantation, respectively.  684 
Sampling time points were defined according to the following intervals: pre-HSCT (collected 685 
between day -33 and day -3), at the time of HSCT, preferably before graft infusion (collected 686 
between day -2 day +2) and weekly during the first six weeks after transplantation (week +1: day +3 687 
to day +10, week +2: day +11 to day +17, week +3: day +18 to day +24, week +4: day +25 to day +31, 688 
week +5: day +32 to day +38, week +6: day +39 to day +45) (Figure 1A). Broader intervals applied to 689 
follow-up time points: Month +1 (between days +21 and +44), month +2 (between days +45 and 690 
+70),  month +3 (between days +77 and +105), month +6 (between days +161 and +197) and 1 year 691 
post transplantation (between days +346 and +375).  692 
 693 
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Infections and antibiotics  694 
Bacterial infections from before transplantation until 1 year post-HSCT were taken into 695 
consideration for downstream analysis. For each time point, it was recorded whether any bacterial 696 
infection occurred within the respective specified interval or not (1/0). Antibiotic treatment from 697 
before HSCT (from day -90) until month +2 was taken into consideration. We included only those 698 
time points corresponding to the time points of microbiota profiling into downstream analyses.  699 
 700 
Analysis of T, B and NK cells in peripheral blood 701 
T, B and NK cell counts were determined in months +1, +2, +3, and +6 post transplantation. 702 
Lymphocyte subsets in peripheral blood were quantified using Trucount Tubes (Becton Dickinson, 703 
Albertslund, Denmark) together with the following panel of conjugated monoclonal antibodies and 704 
analysed on a FC500 flow cytometer (Beckman Coulter, Copenhagen, Denmark): CD3-PerCP, CD3- 705 
FITC, CD4-FITC, CD8-PE, CD45-PerCP, CD16/56-PE, CD20-FITC and CD19-PE (Becton Dickinson). CD3+ 706 
T cells, CD3+CD4+ T cells and CD3+CD8+ T cells were determined. NK cells were differentiated by 707 
CD3-CD45+CD16+CD56+ phenotype. The following B cell phenotypes were distinguished: total B 708 
cells (CD45+CD19+), mature B cells (CD45+CD19+CD20+) and immature B cells (CD45+CD19+CD20-). 709 
Data of these immune cell populations have been published previously in a different context [45]. 710 
 711 
Analysis of monocytes and neutrophils  712 
Leukocyte numbers and subsets were monitored daily during hospitalization and subsequently every 713 
week in the outpatient clinic using flow cytometry (Sysmex XN) or, in case of very low leucocytes, 714 
counted by microscopy (CellaVision DM96 microscope). Mean monocyte and neutrophil counts were 715 
calculated for further analysis per time point according to the intervals specified above.   716 
 717 
Quantification of inflammatory markers 718 
EDTA-anticoagulated and heparinized blood was sampled and then centrifuged within 2 hours after 719 
collection. The plasma was isolated and cryopreserved in 0.5-ml aliquots at −80°C. IL-6 levels on day 720 
+7 were determined in EDTA-anticoagulated plasma using the Human Th1/Th2/Th17 Cytometric 721 
Bead Array kit (Becton, Dickinson and Co., Denmark) and a FACSCalibur flowcytometer (Becton, 722 
Dickinson and Co), according to the manufacturer’s instructions with a detection limit of 2.5 pg/mL. 723 
IL-6 data have been published previously in another context for a larger cohort than the patients 724 
included here [17, 46]. CRP levels were measured daily by Modular P Modular (normal range, 0 to 10 725 
mg/L) at the Department of Clinical Biochemistry, Copenhagen University Hospital Rigshospitalet, 726 
Denmark. Mean CRP levels were calculated for further analysis per time point according to the 727 
intervals specified above. Mean CRP levels pre-HSCT include measurements from day -7 to day -3, 728 
i.e. the days after the start of conditioning (except for day -7). 729 
Quantification of Citrulline 730 
Plasma citrulline concentrations pre-HSCT (before the start of conditioning (day -7)) and at days +7 731 
and +21 were measured by reverse-phase high-performance liquid chromatography of their 732 
phenylisothiocyanate derivatives from heparinized plasma, as described previously [17, 46]. 733 
Citrulline levels have previously been described for patients of this cohort in a different context [17, 734 
46]. 735 
 736 
 737 
 738 
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Enzyme-linked immunosorbent assay (ELISA) of human beta defensins 739 
Human beta defensin 2 and 3 (hBD2 and hBD3) concentrations in heparinized plasma samples of 37 740 
patients at eight time points (pre-HSCT (before start of conditioning, except for 4 patients sampled 741 
at day -6 or -5), on the day of transplantation, weeks +1 to +4, month +2 and +3) and 10 healthy 742 
controls (sampled once each) were quantified by two-step sandwich ELISA following the 743 
manufacturer’s instructions (Peprotech Human BD-2 and BD-3, Standard ABTS ELISA Development 744 
Kit, cat.no. 900-K172 and 900-K210, respectively). Samples of 3 out of 10 healthy individuals were 745 
additionally spiked to a peptide concentration of 1000 pg/ml. Two replicates were measured per 746 
sample and their mean was used for further analysis. Samples were measured undiluted as well as in 747 
1:4 and 1:16 dilutions to also cover concentrations potentially exceeding the upper detection limit. 748 
Samples with very high concentrations were additionally measured in 1:32 and 1:128 dilutions. 749 
Detection limits were 16 – 2000 pg/ml for hBD2 and 31– 4000 pg/ml for hBD3. Absorbance was 750 
measured on a VICTOR™ X3 Multilabel Plate Reader (Perkin Elmer, Inc., USA) at 405 nm. Wavelength 751 
correction at 540 nm was used to prevent optical interference caused by the material of the 752 
microtiter plate. Concentrations of hBD3 were mostly below the limit of detection, except for a few 753 
exceptionally high measurements (average: 1450.69 pg/ml, median: 0 pg/ml, range: 0 – 279038.71 754 
pg/ml). 755 
 756 
DNA isolation from fecal samples and 16S rRNA gene sequencing  757 
Fecal samples for analysis of the intestinal microbiome were collected from a subset of 30 patients 758 
at 7 time points: pre-HSCT (5 patients were sampled after the start of conditioning (between day -6 759 
and day -4)), at the time of HSCT and once weekly during the first five weeks after transplantation. 760 
The intestinal microbiome was characterized at 1-2 time points in 8 patients (27%), at 3-4 time 761 
points in 15 patients (50%) and at 5-6 time points in 8 patients (27%) (Additional file 1: Table S1). In 762 
patients who underwent re-transplantation, no feces samples collected after the second 763 
transplantation were included in this study. In total, 97 fecal samples were obtained. 764 
 765 
DNA from fecal samples and a blank control were isolated with the use of the Maxwell 16 766 
Instrument (Promega Corporation) following the manufacturer’s instructions for the low elution 767 
volume blood DNA system. Alterations to the protocol included additional lysozyme treatment and 768 
bead beating with stainless steel beads for 2 min/20 Hz in a tissue lyser (Qiagen). In each sample 769 
including the blank control, the V4-V5 region of the 16S ribosomal RNA gene were amplified in PCR 770 
using the following barcoded primers: 519F (5#-CAGCAGCCGCGGTAATAC-3#) and 926R (5#-771 
CCGTCAATTCCTTTGAGTTT-3#). Amplicons were then analyzed for quantity and quality in an Agilent 772 
2100 Bioanalyzer (Agilent Technologies) with the use of an Agilent RNA 1000 Nano Kit. For library 773 
preparation, 50 ng of DNA from each sample was pooled with multiplex identifiers for 2-region 454 774 
sequencing on GS FLX Titanium PicoTiterPlates (70675) with the use of a GS FLX Titanium 775 
Sequencing Kit XLR70 (Roche Diagnostics). Library construction and 454 pyrosequencing were 776 
performed at the National High-Throughput DNA Sequencing Centre, University of Copenhagen.  777 
 778 
16S rRNA gene sequence pre-processing 779 
Raw 454 sequence reads stored in standard flowgram format (SFF) were extracted, converted to and 780 
stored in FASTA format with associated quality files (containing sequence quality scores) using the 781 
sffinfo command of the bioinformatics software tool mothur [48]. Trimming according to the 782 
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clipQualLeft and clipQualRight values provided by the sequence provider was disabled because cut 783 
off values are opaque and not customizable.  784 
 785 
Analysis was continued in the Quantitative Insights Into Microbial Ecology (QIIME; version 1.9.0) 786 
bioinformatics pipeline [49]. FASTA files were demultiplexed and quality filtered using the script 787 
split_libraries.py (Mapping files are available from figshare 788 
(https://dx.doi.org/10.6084/m9.figshare.6508250)). As the samples were sequenced bidirectional, 789 
each FASTA file was demultiplexed in two steps. Firstly, based on a mapping file containing the 519F 790 
primer as the “LinkerPrimerSequence” and the 926R primer as the "ReversePrimer", both in 5' to 3' 791 
orientation. Secondly, based on a mapping file containing the 926R primer as the 792 
“LinkerPrimerSequence” and the 519F primer as the "ReversePrimer", again both in 5' to 3' 793 
orientation.  794 
 795 
Reads between 200 and 1000 bp length and a minimum quality score of 25 were retained (default). 796 
Sequences with homopolymers longer than 200 bp were removed from the data set. Removal of 797 
reverse primer sequences (-z truncate_only option) was disabled during demultiplexing. 798 
Subsequently, the demultiplexed FASTA files that were not yet primer-truncated were then used to 799 
denoise flowgrams (.sff.txt files also generated by mothur’s sffinfo) with QIIME’s 800 
denoise_wrapper.py script. Reverse primer-truncation had not been done yet to ensure 801 
compatibility between FASTA and .sff.txt files. The denoised FASTA output files were then inflated, 802 
i.e., flowgram similarity between cluster centroids was translated to sequence similarity, to be used 803 
for OTU picking. Reverse primers and subsequent sequences in the demultiplexed and denoised 804 
FASTA files were then truncated using the truncate_reverse_primer.py script. In the following step, 805 
the orientation of the primer-truncated reads that started with the 926R primer as the 806 
“LinkerPrimerSequence” was adjusted by reverse complementation (with the script 807 
adjust_seq_orientation.py). All trimmed reads were then concatenated to a single file for further 808 
analysis.  809 
 810 
Chimeras were identified using the script identify_chimeric_seqs.py and method usearch61, which 811 
performs both de novo (abundance-based) and reference-based detection (by comparing the 812 
dataset to the chimera-free reference database Ribosomal Database Project (RDP; training database 813 
version 15)). Only those sequences that were flagged as non-chimeras from both detection methods 814 
were retained (option –non_chimeras_retention = intersection). Operational taxonomic unit (OTU) 815 
clustering was performed, using the script pick_otus.py (based on the SILVA database, 816 
Silva_119_rep_set97). OTU tables in BIOM format were created with make_otu_table.py (and 817 
subsequently converted to JSON BIOM format to be compatible with analysis in R [50] with the 818 
package phyloseq [51]). The OTU table and the taxonomy table are available from figshare 819 
(https://dx.doi.org/10.6084/m9.figshare.6508187). 820 
 821 
Statistical analyses 822 
Statistical analyses and creation of graphs were performed with the program R (Version 3.4.0, R 823 
Foundation for Statistical Computing, Vienna, Austria) [50]. All R scripts documenting our statistical 824 
analyses are available from figshare (https://dx.doi.org/10.6084/m9.figshare.6508238). Sequencing 825 
data and all related experimental and clinical data (data sets available from figshare, 826 
https://dx.doi.org/10.6084/m9.figshare.6508232) were integrated for analysis with the R package 827 
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phyloseq and its dependencies [51] (Additional file 10). The resulting phyloseq objects are provided 828 
through figshare (https://dx.doi.org/10.6084/m9.figshare.6508235). Plots were generated with the 829 
packages ggplot2 [52], plotly [53], and mixOmics [54]. Dose-response analysis of the ELISA data was 830 
performed with four-parameter log-logistic models in the R package drc [55].  831 
 832 
Alpha diversity (measured by inverse Simpson index), levels of human beta-defensin 2 (hBD2) 833 
concentration, citrulline and C-reactive protein (CRP), as well as monocyte counts, NK cell counts, 834 
total B cell counts, and CD4+ T cell counts at different time points were compared using Friedman 835 
tests with Benjamini-Hochberg correction for multiple testing (Additional files 11 and 12). As an 836 
exception, hBD2 in healthy controls was compared with hBD2 in patients at individual time points by 837 
using Wilcoxon rank-sum tests, because hBD2 was only measured once in the healthy control 838 
individuals and can therefore not be analyzed in a Friedman test designed for repeated 839 
measurements. Monocyte counts in Additional file 2: Figure S1B are depicted at more time points 840 
than indicated in Figure 1A because not all time points were included into further analyses. The day 841 
of HSCT, week +1 and week +2 were excluded as data were missing for ≥40% of the patients. Months 842 
+2, +3, and +6, as well as 1 year were chosen as representative follow-up time points for further 843 
analyses as indicated in Figure 1A. 844 
 845 
A core set of OTUs was obtained by retaining 256 OTUs (out of 756 OTUs) with ≥5 reads in ≥ 2 846 
samples using the function kOverA() from R package genefilter [56]. Subsequently, 17 OTUs that 847 
were more abundant in the blank control than in the majority of samples were removed as potential 848 
contaminants prior to downstream analyses. The resulting count data set of 239 OTUs was 849 
transformed for subsequent analyses using the function varianceStabilizingTransformation() in the 850 
package DESeq2 [57] (Additional file 10). The function implements a Gamma-Poisson mixture model 851 
[58] to account for both library size differences and biological variability.   852 
Median imputations were performed for continuous clinical and immune marker data with less than 853 
20% missing values. Variables with more than 20% missing values were excluded from the analysis 854 
(Additional files 13 and 14). Central tendencies of immune cell counts at single time points in 855 
relation to clinical outcomes (maximum aGvHD grade 0-I vs. grade II-IV) were assessed in univariate 856 
analyses by Wilcoxon rank-sum tests and displayed in boxplots (Additional file 13). 857 
 858 
A model selection procedure was implemented to find the relevant variables to be included in 859 
subsequent multivariate analyses of how microbiome patterns are associated with clinical 860 
outcomes, baseline parameters and immune parameters during the course of transplantation: A 861 
Manhattan distance matrix of the variance-stabilized bacterial community data was calculated using 862 
the distance() function in phyloseq [51]. Subsequently, permutational multivariate analysis of 863 
variance using distance matrices (adonis) for model selection was performed by applying the 864 
adonis2() function in the package vegan [59] (Additional file 14). Permutation design was set up with 865 
respect to repeated measurements within the same patients and the intact chronological order of 866 
time points. Besides immune marker levels and immune cell counts (pre- and post-HSCT, i.e. 867 
recipient- and donor-derived cells, respectively) at the time points described above, we included 868 
clinical outcomes (i.e. overall survival, aGvHD (grade 0-I vs II-IV), and relapse) after transplantations, 869 
antibiotic treatment during the course of transplantation and clinical patient characteristics in the 870 
model to account for possible effects of recipient age at the time of transplantation, recipient sex, 871 
donor type (sibling vs. unrelated), malignant vs. benign diagnosis, graft type (stem cell source: bone 872 
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marrow, umbilical cord blood or peripheral blood) and application of irradiation therapy (yes/no). 873 
Variables that were found to be significant (P ≤ 0.05) in the adonis analysis were included in 874 
subsequent multivariate multi-table analyses, i.e., sparse partial least squares (sPLS) regression and 875 
canonical correspondence analysis (CCpnA) (Additional file 14).  876 
Correlations among the selected clinical variables were assessed in correlation matrices based on 877 
Spearman's rank correlation tests (Additional file 13). Matrices were calculated using the rcorr() 878 
function of the R package Hmisc [60] and displayed with the package corrplot [61]. P-values were 879 
calculated with the rcorr.adjust() function with correction for multiple testing (method “Holm”). 880 
 881 
Sparse PLS regression was performed by applying the spls() function in the package mixOmics [54] 882 
(Additional file 14). The sPLS regression allows the integration of the microbial community data 883 
matrix and the clinical variable matrix for multiple regression. It is robust enough to handle 884 
collinearity and noise in the data and is suitable to model multiple response variables [62]. The 885 
number of clinical variables to be kept in the model for each component (keepY) was set to 23, 886 
corresponding to the number of variables pre-selected with adonis. We ran the sPLS regression with 887 
a range of numbers (20-40) of OTUs to be kept for each component (keepX). As the results were 888 
robust to this choice, keepX was set to 30. The number of components to choose was estimated with 889 
the perf() function and set to ncomp = 2. The sPLS model was run in regression mode. Thereafter 890 
hierarchical clustering was performed within the mixOmics cim() function based on the sPLS 891 
regression model with the clustering method “complete linkage” and the distance method 892 
“Pearson’s correlation”. Coefficients of pairwise correlations between OTU abundances and clinical 893 
variables were thereby obtained. Furthermore, loading plots were generated with the function 894 
plotLoadings() (method = “mean”) to visualize loading vectors of specific OTUs that contribute most 895 
to the separation of variables in components 1 and 2.  896 
 897 
Canonical (i.e., bidirectional) correspondence analysis (CCpnA), a multivariate constrained ordination 898 
method, was performed by using the cca() function in the package vegan [59] (Additional file 14). In 899 
this method, the microbial community data matrix is Chi-square transformed and weighted linear 900 
regression on pre-selected constraining variables is performed. The resulting fitted values are used 901 
for correspondence analysis by singular value decomposition. CCpnA is a constrained method in the 902 
sense that it does not aim at depicting all variation in the data, but only the variation directly 903 
explained by the constraints (i.e., the provided set of pre-selected variables). The resulting triplot is 904 
not displayed as a square representation, but rather corresponds to the percentage of variance 905 
explained by axis 1 and 2, respectively, as previously suggested [63]. In contrast to the sPLS analysis, 906 
the CCpnA was performed in canonical mode, i.e., modeling bidirectional relations between OTU 907 
abundances and clinical variables. OTUs with a correlation of >0.2/<-0.2 in the sPLS analysis were 908 
included in the CCpnA model. The significance of the overall CCpnA model, the significance of the 909 
components and the significance of the constraints, were assessed in ANOVA using the anova.cca() 910 
function in package vegan [59]. 911 
 912 
As another approach to distinguish between microbial community states of the intestinal 913 
microbiome, we assigned samples to community state types (CSTs) by partitioning around medoid 914 
(PAM) clustering (function pam() in package cluster [64]) based on a Jensen-Shannon distance of the 915 
variance stabilized microbial count data (R code modified after [65]) (Additional file 15). The number 916 
of clusters was determined by gap statistic evaluation and silhouette width quality validation. We 917 
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further assessed patients’ transitions between CSTs over time. OTUs were assigned to CST - based 918 
clusters (Additional file 3: Table S2) based on in which CST they exhibited the highest average 919 
abundance over all samples (within each CST). Furthermore, we showed detailed longitudinal 920 
profiles of the microbial community on family-level, and selected immune markers for individual 921 
patients with aGvHD (Additional file 16).  922 
 923 
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Abstract 36 
Background 37 
After allogeneic hematopoietic stem cell transplantation, the community structure of the stem cell 38 
recipient’s microbiota undergoes major shifts. Important knowledge has been acquired concerning 39 
changes early after transplantation. However, stronger focus on the subsequent reconstitution of the 40 
microbiota is needed. Evaluating the resilience of the commensal community is of importance since it 41 
provides a crucial functional repertoire to the human host. This applies not only to the microbiota residing 42 
in the gut, but also to other body sites, such as the oral and nasal cavities. For instance, 43 
immunomodulatory properties of the microbiotas at these sites might be of relevance locally and 44 
systemically in HSCT, but have hitherto not been studied as extensively as the gut in HSCT patients. Here, 45 
we have tracked gut, oral, and nasal microbial changes over a period of one year and assessed host-46 
microbe associations at all three body sites. Allogeneic HSCT is often accompanied by side effects, such as 47 
bloodstream infections and graft-versus-host disease. Specific gut bacterial taxa are depleted, or expand 48 
after HSCT, which has been linked to aGvHD. To advance our knowledge about host immune-microbial 49 
associations in HSCT and GVHD towards clinical prognostic applications, we used pre-HSCT gut, oral, and 50 
nasal bacterial abundances in machine learning models for the prediction of acute GvHD severity post-51 
transplant.  52 
 53 
Results 54 
For each body site, we employed sparse linear discriminant analysis informed by phylogenetic trees to 55 
determine which bacterial taxa are discriminating the community structure between time points. For 56 
amplicon sequence variants affiliated with intestinal Blautia spp., oral Actinomycetacea and 57 
Streptococcacea, and nasal Corynebacteriaceae, we revealed ‘smile’-shaped temporal bacterial 58 
abundance trajectories. That is, their abundances decreased after HSCT and returned to pre-transplant 59 
levels after three months. In contrast, we identified ‘frown’-shaped trajectories for intestinal Enterococcus 60 
spp. and Lactobacillus spp., i.e. a post-transplant expansion followed by a decrease in abundance after 61 
three months. Moreover, by implementing support vector machines with linear kernel, we predicted high 62 
acute GvHD severity from high pre-transplant abundances of intestinal Parabacteroides distasonis, and 63 
oral and nasal Actinomyces spp.. In multivariate multi-table analyses, we showed host immune-microbial 64 
associations shared between body sites. For instance, CD4+ T cell and TH17 cells counts were positively 65 
correlated with abundances of distinct bacterial taxa in the gut, and the oral and nasal cavities.  66 
 67 
Conclusions 68 
Our analysis indicates that the period between one and three months after allo-HSCT might be a crucial 69 
time for the reconstitution of the microbiota in the gut, and the oral and nasal cavities. Denser sampling 70 
during this period might allow determining an accurate temporal threshold that can be used as a reference 71 
in the clinical setting. We show that pre-transplant bacterial abundances predict acute GvHD severity 72 
post-transplant, which might serve as a starting point for employing early microbial predictive markers 73 
for preventive management of adverse clinical outcomes. Fecal sample collection during clinical routine 74 
depends on the patient’s compliance and bowel movements, which is often impaired in allo-HSCT 75 
recipients. Therefore, our findings regarding the microbiota at body sites that are easier accessible for 76 
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sampling, i.e. the oral and nasal cavities, are of value for a potential future implementation of regular 77 
microbial screening in the clinical setting. We point out that patients’ clinical baseline parameters, such 78 
as primary disease, need to be taken into consideration when comparing host-microbial associations at 79 
different body sites. 80 
 81 

Background 82 
In allogeneic hematopoietic stem cell transplantation (HSCT), the infusion of donor derived stem cells is 83 
employed as a curative approach for various types of hematologic disorders [1]. In allo-HSCT patients, the 84 
community structure of the human microbiota changes subsequent to transplantation [2]. This is to a 85 
large extend attributed to preceding antimicrobial treatment and chemotherapeutic conditioning 86 
regimens [2, 3]. The microbiota in the gut, and at other mucosal body sites, such as the oral and nasal 87 
cavities, is in general affected by treatment with antibiotics to different degrees [4]. Especially the 88 
depletion of butyrate-producing bacteria affiliated with the Clostridiales class are depleted in the gut early 89 
after HSCT, while  Proteobacteria, and Lactobacillales such as Enterococcus spp. expand, possibly due to 90 
increased oxygen levels in the intestinal lumen in the absence of butyrate [2, 3, 5]. Conditioning-induced 91 
intestinal epithelial permeability promotes bacterial translocation to the bloodstream where 92 
opportunistic pathogens can cause bacteremia [6]. This might be aggravated in patients with graft-versus-93 
host disease (GvHD), which  is a common side effect of allo-HSCT where alloreactive donor T cells exhibit 94 
cytotoxic activity against healthy tissue in the host, including the gut epithelium [7]. Inflammation both 95 
facilitates the development of GvHD, and is enhaced  during  GvHD [7]. Especially the T helper 17 (TH17) 96 
cell/T regulatory (Treg) cell ratio has been attributed a role in GvHD, which is however controversially 97 
discussed [8–10]. While TH17 cells in steady state foster mucosal integrity, they can switch to be 98 
pathogenic and promote pro-inflammtory signaling upon intense cytokine stimulation [11]. In GvHD, a 99 
high TH17/Treg ratio might promote inflammation, contributing to GvHD development [9]. However, a 100 
low TH17/Treg has also been observed in relation to GvHD, suggesting a compensatory increase of T 101 
regulatory (Treg) cells upon inflammation [8, 10]. The microbiota exerts immunomodulatory function on 102 
the host’s adaptive immune system, e.g. on T cells [11]. For instance, in germ-free mice it has been shown 103 
that human commensal gut strains affiliated with Bacteroides and Clostridia can induce Treg cells [12]. The 104 
microbiota at body sites other than the gut, e.g. the oral and nasal cavities, have also been suggested to 105 
be involved in immunomodulation [13]. We have previously proposed that the gut microbiota is 106 
associated with immune cell reconstitution after allo-HSCT [14]. It is of interest to investigate whether 107 
microbiotas at other mucosal sites also play a role in immune reconstitution, and whether they have an 108 
influence on the TH17/Treg ratio and thereby GvHD. In this context, the changes in microbial abundances 109 
early after HSCT need to be taken into consideration, but also the recovery of the microbiota at late follow-110 
up time points. This requires long-term monitoring of the microbiota after HSCT, in addition to the focus 111 
on early post-transplant time points. Moreover, pre-transplant time points are of great importance to 112 
make predictions from microbial abundances on subsequent adverse clinical outcomes, such as GvHD, 113 
which in the future might aid early preventive management in the clinical setting. 114 
Here, we tracked changes in the community structure of the gut, oral, and nasal microbiota in pediatric 115 
allogeneic HSCT patients over a period of one year. We inferred amplicon sequence variants (ASVs) from 116 
16S rRNA gene sequences and generated phylogenetic trees. By implementing tree-based sparse linear 117 



64 
 

discriminant analyses (LDA), we reveal sets of phylogenetically closely related ASVs that characterize 118 
differential community structures between time points. At the three examined body sites, we identify 119 
’smile’- and ‘frown’-shaped temporal microbial abundance trajectories. For instance, distinct intestinal 120 
Lachnospiraceae and Ruminococcacea ASVs, as well as oral Actinomycetacea and Streptococcaceae ASVs 121 
exhibited ‘smile’-shaped trajectories. That is, their abundances decreased early after HSCT and recovered 122 
from month+3 onwards. I contrast, we show ‘frown’-shaped trajectories of intestinal Enterococcaceae 123 
and Lactobacillaceae ASVs that expanded after HSCT and decreased in abundance from month +3 124 
onwards. Furthermore, by using a machine learning approach, we predict aGvHD post-transplant from 125 
pre-transplant ASV abundances in the gut, and the oral and nasal cavities. By relating ASV abundances to 126 
immune cell counts, immune markers, clinical outcomes, and patients’ baseline parameters, we uncover 127 
similarities in host-microbial associations at different body sites. For instance, we demonstrate 128 
associations with TH17 cell counts and thereby propose new microbiota-related considerations for the 129 
controversially discussed role of those T cell subtypes in GvHD. We suggest that associations of the 130 
microbiota at different body sites with clinical outcomes after allo-HSCT might depend on baseline 131 
parameters, such as the underlying primary disease.   132 
 133 

Results 134 
We characterized long-term microbiota dynamics in the context of pediatric, allogeneic hematopoietic 135 
stem cell transplantation (HSCT) at three body sites: the gut, and the oral and nasal cavities (Figure 1). 136 
Fecal samples, buccal swabs, and anterior naris swabs were collected from 29 pediatric allo-HSCT 137 
recipients at 10 time points over a one-year period: 2 times prior to HSCT, on the day of HSCT, weekly 138 
during the first month after HSCT, and at three follow-up time points up to twelve months (Figure 1). 139 
Microbial community dynamics in these samples were determined by 16S rRNA gene profiling. We utilized 140 
these comprehensive data to predict the development of acute GvHD, one of the most common and 141 
severe side effects following HSCT, from pre-transplant fecal, oral, and nasal microbial abundances. 142 
Furthermore, we assessed multivariate associations between the microbiota and immune reconstitution, 143 
immune markers, and outcomes in relation to HSCT. As a means of gaining insight into immune 144 
reconstitution, we determined counts of T, B, and NK cells, as well as leukocyte subpopulations in 145 
peripheral blood (Figure 1). We assessed a number of kidney and liver function markers (e.g. plasma 146 
cystatin C and triglyceride levels), as well as plasma immunoglobulin (Ig) levels (IgA, IgG, and IgM) as 147 
markers of infection (Figure 1, see Methods).   148 
 149 
 150 
 151 
 152 
 153 
 154 
 155 
 156 
 157 
 158 
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 159 
 160 
Figure 1. Monitoring gut, oral, and nasal microbiota and the host immune system in allogeneic hematopoietic 161 
stem cell transplantation (HSCT).  A) Twenty-nine children were monitored before, at the time of, and immediately 162 
post allogeneic HSCT, as well as at late follow-up time points. Patients’ baseline characteristics, clinical outcomes, as 163 
well as immune cell counts, and immune markers over time were monitored. Patient characteristics are described 164 
in detail in Table S1. Host immune system parameters were related to longitudinal dynamics of the gut, oral, and 165 
nasal microbiota that was assessed at the denoted time points. B) Bacterial alpha diversity before, at the time of, 166 
and after HSCT at each body site, displayed on a log10 transformed y-axis for visualization purposes. Asterisks 167 
indicate significant differences in median inverse Simpson index between time points * P < 0.05, ** P < 0.01 and *** 168 
P < 0.001. (‘Human body’-vector graphic in A) from: smart.servier.com.  ‘Body site’-icons in B) and the following figures from: 169 
colourbox.com.) 170 
 171 
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Patient cohort and outcomes  172 
The cohort comprised 29 children, aged 9.5 years on average (range: 2.5-16.4) at the time of HSCT. At 173 
least one bacterial infection throughout the monitored period was reported for 25 patients (86.2%). Nine 174 
patients (31%) had no or mild aGvHD (grade 0 or I) and 20 patients (69%) developed moderate to severe 175 
aGvHD (grade II-IV) following HSCT at median 14 days (range: day +9 to day +61) (Table S1). During the 176 
follow-up period of 21.4 months on average (range: 10.1 – 32.7 months), two patients (7%) relapsed and 177 
one patient underwent retransplantation. Three patients (10%) died (one relapse-related death at day 178 
+91 and two treatment-related death at days +111 and +241, respectively). All patients were treated with 179 
antibiotics prophylactically, and during febrile neutropenia or upon infections indicated by positive 180 
culture. Trimethoprim-sulfamethoxazole was given to all patients in advance of transplantation. In case 181 
of fever, the prophylactic antimicrobial treatment was substituted with meropenem, vancomycin, 182 
ciprofloxacin, phenoxymethylpenicillin, or other antibiotics corresponding to culture-based results.  183 
 184 
Bacterial alpha diversity changes in the gut, and the oral and nasal cavities 185 
In order to gain insight into the gut, oral, and nasal microbial community structures in relation to 186 
allogeneic HSCT, 212 fecal samples, 248 oral swabs, and 249 nasal swabs from 10 time points were 187 
characterized by 16S rRNA gene sequence analysis. After all filtering steps (see Methods), we retained 188 
2465, 377, and 197 ASVs in the fecal, oral, and nasal core microbiota sets, respectively. We assessed 189 
microbial alpha-diversity by means of the inverse Simpson index. Alpha diversity in the gut was generally 190 
the highest, followed by the oral cavity, and the nose (Figure 1B).  We observed the lowest alpha diversity 191 
at a time point within the first month post HSCT at all three body sites (gut and oral cavity: week +3, nasal 192 
cavity: week +1). However, a significant decrease in diversity was only found in the nasal cavity (Figure 193 
1B). Median alpha diversity in the nasal cavity decreased significantly from 4.43 (range: 1.38 – 48.66) at 194 
conditioning start to 2.65 (range: 1.05 – 22.2) in week +1 (P = 0.02) (Figure 1B). 195 
To elucidate changes of the gut, oral, and nasal microbial communities over time, before, at the time of 196 
and after HSCT, we initially assessed relative abundances of the 12 most abundant families at each body 197 
site (Figures S1, 2A, 3A, and S3A). In the gut, we observed a reduction of Lachnospiraceae immediately 198 
after HSCT from 13% relative abundance at pre-examination to 4.7% in week +1, followed by a recovery 199 
to 27.5% in month +3 (Figure 2A). Concurrently, an expansion in proportion of Enterococcaceae (pre-200 
examination: 6.1%, week +1: 22.8%) and Lactobacillaceae (pre-examination: 2%, week +1: 7%), followed 201 
by a reduction from month +3 onwards to 0.2% and 0.6%, respectively (Figure 2A). 202 
 203 
 204 
 205 
 206 
 207 
 208 
 209 
 210 
 211 
 212 
 213 
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 214 
 215 
Figure 2. Tree-based sparse linear discriminant analysis revealing gut ASVs that distinguish time points in relation 216 
to HSCT. A) Relative abundances over time of the 12 most abundant families in the gut. B) Coefficients of 217 
discriminating clades of ASVs on the first LDA axis, colored by taxonomic family, and plotted along the phylogenetic 218 
tree. C) Trajectories of ASVs in two discriminating groups, affiliated with the families Enterococcaceae and 219 
Lactobacillaceae, with increasing abundances after HSCT. D) Trajectories of ASVs in two discriminating groups, 220 
affiliated with the families Lachnospiraceae and Ruminococcaceae, with decreasing abundances after HSCT and 221 
recovery at late follow-up time points. Detailed taxonomic information and LDA-coefficients of the displayed ASVs 222 
are listed in Table S2. 223 
 224 
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Blautia spp., Enterococcus spp. and Lactobacillus spp. discriminate the gut microbial community 229 
structure between time points 230 
For a more detailed assessment of  clades of ASVs in the gut, oral cavity, and nasal cavity that best 231 
characterized the separation of samples from different time points, we performed tree-based sparse 232 
linear discriminant analyses (LDA) for each body site. This supervised method implements prior 233 
information about phylogenetic relationships between ASVs and induces sparsity constraints to increase 234 
interpretability. When plotting the sample scores of the first and second LDA-axis against each other, we 235 
observed at all three body sites that samples at pre-examination and from month +3 onwards clustered 236 
together, and were separated from samples from the day of HSCT and the first month thereafter (Figure 237 
S2). The first LDA-axis best represented the maximized separation by time points of fecal, oral, and nasal 238 
samples, respectively (Figure S2). Therefore, we focused on microbial predictors that were identified on 239 
the first axes.  240 
 241 
The LDA revealed 19 discriminating clades of fecal ASVs on the first axis that best separated samples by 242 
time point (Figure 2B). The two most discriminating groups of phylogenetically closely related ASVs with 243 
positive LDA-coefficients comprised a group of ASVs of the family Enterococcaceae, and a group of 244 
Lactobacillaceae (Figure 2B). In support of the proportions of these families (Figure 2A), the abundances 245 
of ASVs within these two discriminating groups increased from conditioning start (Enterococcaceae) and 246 
day of HSCT (Lactobacillaceae), respectively (Figure 2C). From month +3 onwards, their abundances 247 
decreased again to levels comparable to the time of pre-examinantion (Figure 2C). All members of the 248 
Enterococcaceae group were Enterococcus spp. (Table S2). Specific individual ASVs (ASV 1 (Enterococcus 249 
sp.), detected at least once in all patients, and ASV 3 (Lactobacillus sp.), detected at least once in 26 250 
patients) exhibited higher abundances and higher coefficients compared with the other group members 251 
and were particularly characteristic of the observed pattern of expansion after transplantation (Figure 2B, 252 
Table S2). The two most discriminative groups of ASVs with negative LDA-coefficients included two 253 
individual ASVs and one clade of the Lachnospiraceae family, and two Ruminococcaceae clades (Figure 254 
2B). The abundances of these ASVs decreased in week +1 and recovered from month +1 onwards, 255 
returning to abundances comparable with before HSCT or higher (Figure 2D), in agreement with the initial 256 
patterns observed for those families (Figure 2A). All ASVs within the Lachnospiraceae group belonged to 257 
the genus Blautia. 258 
 259 
 260 
 261 
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 270 
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 271 
 272 
Figure 3. Tree-based sparse linear discriminant analysis revealing oral ASVs that distinguish time points in relation 273 
to HSCT. A) Relative abundances over time of the 12 most abundant families in the oral cavity. B) Coefficients of 274 
discriminating clades of ASVs on the first LDA axis, colored by taxonomic family, and plotted along the phylogenetic 275 
tree. C) Trajectories of ASVs in four discriminating groups, affiliated with the families Actinomycetaceae, 276 
Streptococcaceae, Prevotellaceae, and Family XI (Class Bacillales), with decreasing abundances after HSCT and 277 
recovery at late follow-up time points. Detailed taxonomic information and LDA-coefficients of the displayed ASVs 278 
are listed in Table S2. 279 
 280 
 281 
Actinomyces spp. and Streptococcus spp. discriminate the oral bacterial community structure between 282 
time points 283 
In the oral cavity, we observed reduced relative abundance of Actinomycetaceae, especially in weeks +1 284 
and +3 and in month +1 (Figure 3A). Furthermore, Streptococcaceae abundances were lower from the day 285 
of HSCT until week +2 compared with before HSCT and late follow-up time points (Figure 3A). Tree-based 286 
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sparse LDA identified 10 clades of ASVs at the oral site that best separated samples by time points along 287 
the first axis. The most discriminating clades on the first LDA axis had exclusively positive coefficients 288 
(Table S2). The two largest discriminating groups of ASVs were affiliated with two families, namely 289 
Actinomycetaceae, and Streptococcaceae (Figure 3B). Additional discriminating ASV’s were affiliated with 290 
Prevotellaceae, and Family XI (Gemella spp.), respectively. In agreement with relative abundance 291 
dynamics observed for the respective families (Figure 3A), all clades shared a pattern of depletion from 292 
the day of HSCT or week+1 onwards, until their abundances recovered from month +1 onwards, similar 293 
to the temporal pattern observed for Ruminococcaceae and Lachnospiraceae in the gut.  294 
 295 
Corynebacteriaceae  and Streptococcaceae abundances in the nasal cavity decrease after HSCT 296 
In the nasal cavity, the proportion of Corynebacteriaceae was decreased during the first month after HSCT 297 
and recovered from month +3 onwards (Figure S3A). The LDA revealed 30 discriminating nasal clades on 298 
axis 1 many of which consisted of individual ASVs (Figure S3B). High abundances of closely related ASVs 299 
affiliated with the same family were not always associated with the same time points, i.e. some had 300 
positive coefficients, while others had negative coefficients. A group of Corynebacteriaceae ASVs and a 301 
group of Streptococcaceae ASVs all had positive coefficients (Figure S3B). Corynebacteriaceae abundances 302 
decreased after HSCT and increased again from month+1 onwards (Figure S3C). 303 
 304 
High pre-HSCT abundances of distinct Parabacteroides spp. in the gut predict moderate to severe 305 
aGvHD 306 
To reveal potential associations between the bacterial community structure and the severity of acute 307 
GvHD, we examined relative abundances of the 12 most abundant families at each body site in patients 308 
with no or mild (grade 0-I) and moderate to severe (grade II-IV) aGvHD. In the gut, Tannerellaceae were 309 
more abundant at time points before HSCT in patients with grade II-IV compared to grade 0-I, especially 310 
at pre-examination and at conditioning start (Figure 4A). In order to predict the development of aGvHD 311 
(grade 0-I versus grade II-IV) following HSCT from gut, oral, and nasal microbial abundances at time points 312 
up until the time of stem cell infusion, we implemented machine-learning models. We identified support 313 
vector machines with linear kernel (svmLinear) as the best performing classifier out of four (see Methods). 314 
In the fecal data set, the final cross-validated svmLinear model predicted aGvHD grade (0-I versus II-IV) 315 
from the abundances of distinct gut ASVs pre-HSCT with 86% accuracy (95% CI: 65% to 97%) (Figure 4B). 316 
Of the 50 most important gut ASVs identified by the svmLinear model, 23 were confirmed by Boruta 317 
feature selection (Table S3). Five of these ASVs (22%) were Parabacteroides spp. (family Tannerellaceae), 318 
and 3 ASVs were affiliated with Lachnospiraceae (13%). A conditional inference tree (CTREE) was then fit 319 
for those 23 predictive ASVs to assess their effect on the outcome (aGvHD grade) via nonparametric 320 
regression. In each step of the CTREE analysis, it is evaluated whether any of the ASVs’ abundances explain 321 
the aGvHD grade. If so, a node is created that is split by the ASV that best explains the aGvHD grade. In 322 
the next recursive step, the procedure is repeated with the remaining set of ASVs. The recursion is stopped 323 
as soon as no significant association between any of the remaining ASVs and aGvHD is detected anymore. 324 
The CTREE analysis revealed 3 significant predictive ASVs in the gut: ASV 128 (Parabacteroides distasonis, 325 
P < 0.01), ASV 268 (Lachnospiraceae NK4A136 group sp., P = 0.01) and ASV 3 (Lactobacillus sp., P < 0.01) 326 
(Figure 4C). This means, high abundances of these ASVs before HSCT were associated with the subsequent 327 
development aGvHD grade II-IV (Figure 4C). For instance, all samples with a variance stabilized abundance  328 
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 329 
 330 
Figure 4. Machine learning-based prediction of aGvHD severity from gut microbial abundances pre-HSCT. A) 331 
Relative abundances over time of the 12 most abundant families in the gut in patients with aGvHD grade 0-I versus 332 
II-IV. B) Importance plot of top 20 predictive gut ASVs identified by the svmLinear model with importance scores 333 
indicating the mean decrease in prediction accuracy in case the respective ASV would be excluded from the model. 334 
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C) Conditional inference tree (CTREE) displaying ASVs identified as significant split nodes by nonparametric 335 
regression for prediction of aGvHD. Numbers along the branches indicate split values of variance stabilized bacterial 336 
abundances. The terminal nodes show the proportion of samples originating from patients with aGvHD grade 0-I vs 337 
II-IV. D) Boxplots depict the log transformed relative abundances of the predictive ASVs at time points up to the 338 
transplantation in aGvHD grade 0-I compared with grade II-IV patients. E) Trajectories of Lactobacillaceae and 339 
Tannerellaceae ASVs that were identified by tree-based sparse LDA, including those predictive for aGvHD (bold lines), 340 
in patients with aGvHD grade 0-I vs II-IV. 341 
 342 
 343 
>5.7 of ASV 128 (Parabacteroides distasonis) and 67% of samples with a variance stabilized abundance >3 344 
of ASV 3 (Lactobacillus sp.) originated from patients who later on developed aGvHD grade II-IV (Figure 345 
4C). In agreement, log transformed relative abundances of these ASVs were mostly higher at pre-346 
examination, conditioning start, and the day of HSCT, in patients who later on developed aGvHD grade II-347 
IV compared with those exhibiting grade 0-I (Figure 4D). For instance, the average abundance of ASV 128 348 
(Parabacteroides distasonis) was 5.5 times higher at pre-examinantion in grade II-IV versus in grade 0-I 349 
patients (Figure 4D). We observed ASV 3 (Lactobacillus sp.) as a member of the group of Lactobacillaceae 350 
that discriminated samples from different time points (Figure 2B). Within this group, ASV 3 was the single 351 
most discriminating ASV with the highest LDA-coefficient (0.01 compared to 0.006 for the remaining ASVs, 352 
Table S2). When examining temporal trajectories of this group of Lactobacillaceae in relation to aGvHD, 353 
we again observed that the abundance of ASV 3 was higher at time points up to the transplantation in 354 
patients with grade II-IV versus those with grade 0-I (Figure 4E). Within this group of Lactobacillaceae, this 355 
pattern seemed to be restricted to this particular Lactobacillus sp. ASV (Figure 4E). Moreover, all five 356 
Parabacteroides spp. ASVs were part of the discriminating group of Tannerellaceae identified in the LDA 357 
(Figure 4E). Their trajectories facetted by aGvHD severity confirmed the observation of increased pre-358 
HSCT abundances of these ASVs in patients with subsequent development of aGvHD grade II-IV (Figure 359 
4E).  360 
 361 
High pre-HSCT abundances of distinct oral ASVs predict moderate to severe aGvHD 362 
In the oral cavity, the bacterial community before HSCT in patients with grade II-IV was characterized by 363 
e.g. a lower relative abundance of Neisseriaceae, and higher relative abundances of Aerococcaceae and 364 
Prevotellaceae, compared with grade 0-I patients, especially at pre-examination and conditioning start 365 
(Figure 5A). Here, we generated a cross-validated svmLinear model, which predicted aGvHD grade (0-I 366 
versus II-IV) from the abundances of selected oral ASVs pre-HSCT with 92% accuracy (95% CI: 73% to 99%) 367 
(Figure 5B). Boruta feature selection confirmed 26 of the 50 most important oral ASVs identified by the 368 
svmLinear model (Table S3). The CTREE fitted on those 26 ASVs found 3 significant oral ASVs that predicted 369 
aGvHD: ASV 568 (Actinomyces sp., P < 0.001), ASV 226 (Prevotella melaninogenica, P < 0.001) and ASV 370 
500 (Pseudopropionibacterium propionicum, P < 0.001) (Figure 5C). High abundances of these ASVs before 371 
transplantation predicted the development of aGvHD grade II-IV after HSCT (Figure 5C). For instance, 91% 372 
of samples with a variance stabilized abundance >0.4 of ASV 568 (Actinomyces sp.) and 92% of samples 373 
with a variance stabilized abundance >6.1 of ASV 226 (Prevotella melaninogenica) originated from 374 
patients with subsequent development of aGvHD grade II-IV (Figure 5C). Likewise, pre-HSCT log 375 
transformed relative abundances of these ASVs were higher in those patients, e.g. the average abundance 376 
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of ASV 500 (Pseudopropionibacterium propionicum) on the day of HSCT was 10 times higher in grade II-IV 377 
versus in grade 0-I patients (Figure 5D). ASV 226 and ASV 568 also contributed to the separation of oral 378 
samples by time points (Figure 3C). Temporal trajectories of the associated oral Prevotellaceae and 379 
Actinomycetaceae groups in relation to aGvHD, again showed that the abundances of ASV 226 and ASV 380 
568 were higher at time points up to the transplantation in patients with grade II-IV versus those with 381 
grade 0-I (Figure 5E).  382 
 383 
High pre-HSCT abundances of distinct nasal ASVs predict moderate to severe aGvHD 384 
The proportion of nasal Neisseriaceae was lower pre-HSCT in patients with aGvHD grade II-IV vs 0-I (Figure 385 
S4A). In contrast, Actinomycetaceae at conditioning start and Corynebacteriaceae at the day of HSCT were 386 
higher abundant in aGvHD grade II-IV patients compared to grade 0-I (Figure S4A). The final cross-387 
validated svmLinear model predicted aGvHD grade with 76% accuracy (95% CI: 56% to 90%) from variance 388 
stabilized abundances of selected nasal ASVs (Figure S4B). Twelve out of the 50 most important ASVs were 389 
also selected by Boruta feature selection. Three out of these 12 ASVs were Rothia spp. (family 390 
Micrococcaceae, Table S3). By fitting a CTREE, we found two ASVs significantly affecting aGvHD grade with 391 
opposite effects: High pre-HSCT abundance of ASV 66 (Actinomyces sp., P = 0.03) predicted development 392 
of aGvHD grade II-IV and 94% of samples with a variance stabilized abundance >6.4 originated from 393 
patients with subsequent development of aGvHD grade II-IV (Figure S4C). Congruently, pre-HSCT log 394 
transformed relative abundances of ASV 66 were higher in those patients, e.g. the average abundance at 395 
pre-examination was 2.3 times higher in grade II-IV versus in grade 0-I patients (Figure S4D). In contrast, 396 
high pre-HSCT abundance of ASV 47 (Rothia sp., P = 0.03) strongly predicted that patients would be spared 397 
from aGvHD. All nasal samples with a variance stabilized pre-HSCT abundance >-3.05 of ASV 47 originated 398 
from patients who subsequently developed no or mild aGvHD (grade 0-I) (Figure S4C).  399 
 400 
Reconstitution of CD4+ T cells and the TH17 subpopulation is associated with fecal, oral, and nasal 401 
microbiota 402 
In order to characterize associations between the microbiota and immune cell counts, immune markers, 403 
and clinical outcomes in HSCT, we implemented two multivariate multi-table approaches. Describing host-404 
microbial associations in a multivariate setting gave us insight into which immunological and clinical 405 
parameters might impose conditions on the predictions we have made from the microbiota about aGvHD. 406 
Furthermore, it allowed us to reveal associations that are either shared by or exclusive to the three body 407 
sites we examined - gut, oral cavity, and nasal cavity. For each body site, we first performed a sparse 408 
partial least squares regression (sPLS) that explained variation in bacterial alpha-diversity, immune cell 409 
counts, and immune markers by bacterial abundances, followed by hierarchical clustering. Subsequently, 410 
we implemented canonical correspondence analyses (CCpnA), identifying bidirectional (i.e. canonical) 411 
relationships between abundances of ASVs selected in the sPLS analysis and immune cell counts, immune 412 
markers, as well as clinical outcomes. At each body site, we identified three clusters of ASVs through 413 
hierarchical clustering based on the first three latent dimensions of each sPLS analysis (Figures 6A, S5A 414 
and S6A). The CCpnA analyses reinforced the cluster separations and additionally provided insight into 415 
associations with categorical variables, including patient baseline parameters, the occurrence of 416 
infections, antibiotics treatment, and clinical outcomes (Figures 6B, S5B and S6B). Below, we focus on 417 
reporting the associations that we observed at more than one body site.  418 
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 419 
 420 
Figure 5. Machine learning-based prediction of aGvHD severity from oral microbial abundances pre-HSCT. A) 421 
Relative abundance over time of the 12 most abundant families in the oral cavity in patients with aGvHD grade 0-I 422 
versus II-IV. B) Importance plot of top 20 predictive oral ASVs identified by the svmLinear model with importance 423 
scores indicating the mean decrease in prediction accuracy in case the respective ASV would be excluded from the 424 
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model. C) Conditional inference tree (CTREE) displaying ASVs identified as significant split nodes by nonparametric 425 
regression for prediction of aGvHD. Numbers along the branches indicate split values of variance stabilized bacterial 426 
abundances. The terminal nodes show the proportion of samples originating from patients with aGvHD grade 0-I vs 427 
II-IV. D) Boxplots depict the log transformed relative abundances of the predictive ASVs at time points up to the 428 
transplantation in aGvHD grade 0-I compared with grade II-IV patients. E) Trajectories of Prevotellaceae and 429 
Actinomycetaceae ASVs that were identified by tree-based sparse LDA, including those predictive for aGvHD (bold 430 
lines), in patients with aGvHD grade 0-I vs II-IV. 431 
 432 
 433 
Several cell populations of the adaptive immune response were associated with one cluster each at all 3 434 
body sites according to the sPLS analysis. These included total and mature B cell counts at the pre-435 
examination time point, as well as T cell counts at late follow-up time points, particularly CD4+ T cells in 436 
months +3 and +6, and the subpopulation of TH17 cells in months +1 and +3. In the gut, high numbers of 437 
these adaptive immune cell populations were associated with high abundances of Lachnospiraceae, 438 
Ruminococcaceae, and few Veillonellaceae ASVs (gut cluster 3, Figure 6A). In the oral cavity, the same cell 439 
types were positively correlated with specific Flavobacteriaceae, Prevotellaceae, Veillonellaceae, and 440 
Neisseriaceae ASVs (oral cluster 1, Figure S5A). Moreover, the same ASVs were associated with younger 441 
age and lower C-reactive protein (CRP) levels in the oral cavity. The nasal cluster 2 that was affiliated with 442 
high T cells counts and young age comprised predominantly Veillonellaceae (Figure S6A).  443 
 444 
When taking into account patient baseline parameters, the occurrence of infections, antibiotics 445 
treatment, and clinical outcomes in the CCpnA, we observed that samples in gut cluster 3 belonged to 446 
patients with benign primary diseases, particularly inherited abnormalities of erythrocyte differentiation 447 
or function (IEA), who received fludarabine-based conditioning including thiothepa substituted with anti-448 
thymocyte globulin (ATG), and who had unrelated donors (Figure 6B). Moreover, these patients had a 449 
high number of bacterial and viral infections. The concerned samples were primarily collected at pre-450 
examination and in months +3 and +6 (Figure 6B). In the oral cavity, samples associated with CD4+ T cell 451 
reconstitution stemmed from similar time points (mainly pre-examination and month +12). Like in the 452 
CCpnA of the gut data, the patients in oral cluster 1 mostly had underlying benign diseases such as IEA 453 
and immunodeficiency syndromes (IDS), but leukemia also occurred (Figure S5B). Patients in oral cluster 454 
1 received umbilical cord blood (UCB) grafts, were generally treated with few antibiotics, and were 455 
associated with relapse. However, relapse was only observed in 2 patients overall during the monitored 456 
period. In the CCpnA of the nasal data set, CD4+ T cells and TH17 cells fell below the displayed threshold 457 
of 0.3, suggesting only weak associations with the Veillonellaceae – dominated nasal cluster 2 (Figure S6B). 458 
Most samples in this cluster were collected in week +2 and were affiliated primarily with non-Hodgkin 459 
lymphoma (NHL) - patients.  460 
 461 
 462 
 463 
 464 
 465 
 466 
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Figure 6. Multivariate associations of the gut microbiota with immune and clinical parameters in HSCT.  A) 468 
Clustered image map (CIM) based on sparse partial least squares (sPLS) regression analysis dimensions 1, 2, and 3, 469 
displaying pairwise correlations >0.3/<-0.3 between ASVs (right), and continuous immune and clinical parameters 470 
(bottom). Red indicated positive correlation, and blue indicates negative correlation, respectively. Based on the sPLS 471 
regression model, hierarchical clustering (clustering method: complete linkage, distance method: Pearson’s 472 
correlation) was performed resulting in the three depicted clusters. B) Canonical correspondence analysis (CCpnA) 473 
relating gut microbial abundances (circles) to continuous (arrows) and categorical (+) immune and clinical 474 
parameters. ASVs and variables with at least one correlation >0.3/<-0.3 in the sPLS analysis were included in the 475 
CCpnA. The triplot shows variables and ASVs with a score >0.3/<-0.3 on at least one the first three CCpnA axes, 476 
displayed on axis 1 versus 2 with samples depicted as triangles. The colored ellipses (depicted with 80% confidence 477 
interval) correspond to the clusters of ASVs identified by the sPLS-based hierarchical clustering. Abbreviations not 478 
mentioned in text: ATGmm, anti-thymocyte globulin; B_, blood;BU, busulfan; CY, Cyclophosphamide; DonorMatch6, 479 
matched unrelated donor; FLU_other, fludarabine combinations without thiotepa; GvHD.Prophylaxis1, treatment 480 
with cyclosporine; GvHD.Prophylaxis7, treatment with cyclosporine and methotrexate; immat_B, immature B cells; 481 
K_d100, Karnofsky score on day +100; K_pre, Karnofsky score before HSCT; m1, month+1; m3, month+3; m6, 482 
month+6; m12, month+12; mat_B, mature B cells; MEL, melphalan; total_B, total B cells; P_, plasma; parasitic, 483 
parasitic infection; pre_cond, before conditioning start; pre_exam, pre-examination; THIO, thiotepa; Triglyc, 484 
triglyceride; viral, viral infection; VP16, Etoposide; yeast, yeast infection. 485 
 486 
 487 
Reconstitution of innate immune cell populations is reflected in oral and nasal microbial patterns 488 
In the sPLS analyses, specific bacterial clusters in both the oral and nasal cavity exhibited associations with 489 
overall lymphocyte and leukocyte counts, as well as with a set of innate immune cells types: monocytes, 490 
neutrophils, basophils, eosinophils, and thrombocytes. The same clusters comprised associations with 491 
blood hemoglobin and plasma albumin levels. In the nasal cavity, counts of these cell types were positively 492 
correlated with the abundances of particular Corynebacterium spp. (Corynebacteriaceae, ASVs 14 and 493 
360), Streptococcaceae, and Micrococcaceae ASVs, including ASV 47 (Rothia sp.) that was predictive for 494 
aGvHD grade 0-I. The sPLS analysis of the oral set suggested that these immune cells and blood markers 495 
were associated with two oral clusters comprising Flavobacteriaceae, Prevotellaceae, Veillonellaceae, and 496 
Neisseriaceae ASVs in oral cluster 1 and ASVs affiliated with Streptococcaceae and Gemella spp. (Bacillales 497 
Family XI) in oral cluster 2. The CCpnA supported the positive correlations of ASVs in oral cluster 1, which 498 
was also associated with CD4+ T cell reconstitution, and to a lesser degree with oral cluster 2. Both the 499 
oral and nasal CCpnA suggested that patients whose samples were associated with high innate immune 500 
cell counts received generally few antibiotics and that the associations primarily occurred at late follow-501 
up time points (Figures S5B and S6B).  502 
 503 
Infection-markers after HSCT are associated with the gut and nasal microbiota in distinct patient groups 504 
In both the gut, and the nasal cavity, plasma IgM and triglyceride levels in month +1 were among the 505 
variables with the strongest associations with microbial abundances. IgM levels were positively correlated 506 
with high abundances of Tannerellaceae and Ruminococcaceae in the gut (cluster 1), and ASVs within 507 
cluster 3 in the nasal cavity, particularly ASV 481 (Streptococcus peroris) and ASV 288 (Neisseria sp.) 508 
(Figures 6A and S6A). In contrast, triglyceride levels were negatively correlated with the same ASVs at 509 
both body sites, respectively (Figures 6A and S6A). The CCpnA indicated that samples in gut cluster 1 were 510 
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taken predominantly in week +1, and samples in nasal cluster 3 were mainly collected pre-HSCT or on the 511 
day of HSCT (Figures 6B and S6B). In the CCpnA, we observed that microbial associations with IgM and 512 
triglyceride levels in month +1 in the gut and the nasal cavity did not necessarily occur in samples from 513 
the same patients or time points. For instance, the CCpnA on the fecal data set revealed that samples in 514 
this cluster originated predominantly from comparatively older patients diagnosed with malignant 515 
diseases, such as myelodysplastic or myeloproliferative disorders (MDS), and were treated with 516 
Amoxicillin more often than the overall population (Figure 6B). In contrast, the nasal CCpnA indicated that 517 
these associations occurred in younger patients with chronic myeloid leukemia (CML), severe aplastic 518 
anemia (SAA), or acute myeloid leukemia (AML) who received UCB grafts (Figure S6B). These patients had 519 
a comparatively high number of parasitic infections. Moreover, samples from the few patients that 520 
underwent a relapse (n=2), and from those who died due to treatment-related (n=2) or relapse-related 521 
causes (n=1) were grouped into nasal cluster 3 (Figure S6B).  522 
 523 
Body site-specific immune-microbial associations 524 
In addition to immune-microbial associations shared between two or three of the examined body sites, 525 
we observed a number of patterns that were exclusive to individual sites. In cluster 2 in the gut, we 526 
observed ASVs affiliated with Ruminococcaceae, Lachnospiraceae, and Rikenellaceae, as well as few 527 
Veillonellaceae and Lactobacillaceae, and their abundances showed positive correlations with mature, 528 
immature and total B cell counts at several late follow up time points, as well as with NK cell counts in 529 
month +1. Furthermore, high IgA levels in month +12 characterized this cluster. According to the CCpnA, 530 
samples grouped into gut cluster 2 originated mainly from male patients diagnosed with inherited 531 
disorders of metabolism (IMD), NHL, CML, or other leukemias (OL) who underwent total body irradiation 532 
(TBI)-based conditioning or non-fludarabine based combinations without TBI and primarily received UCB 533 
- derived grafts (Figure 6B). These patients had a comparatively high number of parasitic infections, were 534 
treated with comparatively few antibiotics, and received cyclosporine for aGvHD prophylaxis (Figure 6B). 535 
Furthermore, this cluster was associated with relapse, and mortality.  536 
 537 
In the oral cavity, the sPLS analysis revealed a cluster (oral cluster 3) dominated by Bacteroidaceae and 538 
Ruminococcaceae ASVs that were positively correlated with high bacterial alpha diversity denoted by the 539 
inverse Simpson index, and to a lesser degree with CRP levels (Figure S5A). The CCpnA indicated that these 540 
associations occurred predominantly from the day of HSCT onwards and throughout the first three weeks 541 
post HSCT (Figure S5B). Patients whose samples were grouped into oral cluster 3 were treated with 542 
Vancomycin more often than other patients were and had a high number of fungal infections (Figure S5B).  543 
 544 
 545 
 546 
 547 
 548 
 549 
 550 
 551 
 552 
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Discussion 553 
When a patient undergoes allogeneic HSCT, both the microbiota and the immune system are subject to 554 
major changes. Failure to re-stablish host-microbial homeostasis might have adverse consequences for 555 
the patients. Long-term surveillance of microbial dynamics is required to understand not only the shifts 556 
in the microbial community structure induced by HSCT and its accompanying treatments, but also when 557 
and under which conditions re-establishment of immunological and microbial homeostasis occurs. Such 558 
knowledge may be of prognostic value and may assist in guiding personalized treatment strategies. Here, 559 
we present a comprehensive assessment of temporal microbial abundance trajectories from before, at 560 
the time of, and after HSCT, to late follow-up time points up to one year. We identified AVSs with the 561 
potential to predict post-transplant aGvHD, which might open opportunities to improved preventive 562 
clinical management. We related our findings of microbial dynamics to patient baseline parameters, 563 
immune cell counts, immune markers, and clinical outcomes of HSCT, and did so for the gut microbiota 564 
and the so far comparatively less described oral and nasal microbiota. Like the gut microbiota, the oral 565 
and nasal commensal residents might be of systemic relevance, and a more holistic picture of microbial 566 
influence might be drawn by examining various niches with bacterial communities potentially interacting 567 
across body sites.  568 
Here, we have identified a group of Ruminococcaceae, and a clade of Blautia spp (Lachnospiraceae), 569 
temporally discriminating microbial community structure in the gut in relation to HSCT. We show a clear 570 
pattern of depletion of fecal Blautia spp. immediately post HSCT, as well as their recovery from month +3 571 
post HSCT onwards. One could describe the trajectories of these potentially beneficial taxa as a “smile”-572 
shape. Previous studies have associated the taxonomic families of Ruminococcaceae and Lachnospiraceae 573 
(both class Clostridia), and especially the genus Blautia (family Lachnospiraceae), with lower mortality, 574 
lower GvHD, and higher bacterial diversity in adult allo-HSCT recipients [14–18]. In turn, a loss of those 575 
taxa after HSCT was associated with subsequent adverse outcomes. Our findings extend the potential of 576 
Blautia spp. abundances as an indicator of favorable clinical outcomes, as we characterize abundance 577 
dynamics in children and provide important insight into the time point for the expected return to 578 
abundances comparable to pre-HSCT time points. 579 
Adverse effects, like bacteremia and GvHD, have been found to accompany an expansion of the genus 580 
Enterococcus post transplantation [2, 3, 6, 19]. We have found a characteristic expansion of this genus, as 581 
well as of certain Lactobacillaceae after HSCT, in agreement with previous studies [6]. In addition, here 582 
we were able to show a decrease of Enterococcus spp. and Lactobacillaceae from month +3 to abundances 583 
comparable to pre-HSCT levels. The abundance of these taxa over the course of one year one could 584 
describe as a “frown”-shaped trajectory. As for the “smile”-trajectory of potentially beneficial taxa, the 585 
“frown”-trajectories of these taxa could be the first step towards a novel basis to evaluate the 586 
reestablishment of patients’ microbial homeostasis and associated convalescence. This could be based on 587 
whether e.g. Enterococcus spp. abundances have returned to pre-HSCT levels within the expected time. 588 
Of note, despite the expansion of Enterococcus being in line with previous studies, our multivariate 589 
analyses did not reveal direct detrimental host-microbial associations of Enterococcus in the present 590 
cohort. The particular Lactobacillaceae ASVs did not exhibit any correlations with immune cell counts, 591 
immune markers, or clinical outcomes either. However, it has been suggested that the expansion of 592 
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Lactobacillus, a genus commonly associated with probiotic properties promoting immune homeostasis, 593 
might exert a protective effect to limit Enterococcus expansion or GvHD risk [14, 19, 20].  594 
We found associations of high Lachnospiraceae and Ruminococcacea in the gut with rapid B and NK cell 595 
reconstitution and high IgA levels after one year in the present study, which is in support of our previous 596 
study [14]. These two Clostridia families play an important role in providing the host with short-chain fatty 597 
acids (SCFAs), such as butyrate [5, 21]. A study demonstrated that SCFAs can facilitate the differentiation 598 
of human naïve B cells to plasma cells in culture and additionally enhance immunoglobulin production, 599 
which provides a potential explanation for our finding [22]. Moreover, we found that the patients for 600 
which we observed these associations were treated with comparatively few antibiotics at time points 601 
early post-HSCT. This is in line with our previous study that revealed high Lachnospiraceae and 602 
Ruminococcacea abundances and rapid B and NK cell reconstitution in the absence of vancomycin and 603 
ciprofloxacin treatment [14]. Here, our multivariate analysis did not point to an association with specific 604 
antimicrobial agents within the concerned cluster. However, vancomycin and ciprofloxacin were among 605 
the most frequently applied agents (at least once during the monitored period in 28 and in 22 patients, 606 
respectively). 607 
 608 
Furthermore, we have to our knowledge for the first time determined long-term dynamics of the oral and 609 
nasal microbiota in allogeneic HSCT patients. Interestingly, we identified abundance trajectories of 610 
phylogenetically closely related groups of Actinomycetaceae, Streptococcaceae, Prevotellaceae, and 611 
Family XI (Gemella spp., Class Bacillales) in the oral cavity, resembling the “smile”-shaped trajectories 612 
observed in gut. These taxa are part of the normal oral microbiota. Our findings are in agreement with 613 
previous studies reporting the detection of fewer Prevotella spp. and Streptococcus spp. in the oral cavity 614 
during the first month post HSCT [23, 24]. In addition, our current study provides insight into the time of 615 
recovery of these taxa in month +3 after HSCT. In relation to host-microbial interactions, two 616 
Actinomycetaceae ASVs, six Streptococcaceae ASVs, and one Prevotellaceae ASV characterizing these 617 
temporal patterns were positively correlated with high innate immune cell counts and with plasma 618 
albumin levels throughout the monitored period in our multivariate analyses. Albumin levels give insight 619 
into liver function and nutritional status of HSCT patients [24].  620 
For the oral cavity, a post-transplant expansion of Enterococcus spp. and Staphylococcus spp. has been 621 
reported previously [24, 25]. Consistently, we observed an increased relative abundance of 622 
Staphylococcaceae during the first month post HSCT, but we did not identify Enterococcus spp. or 623 
Staphylococcus spp. as significant drivers of temporal dynamics in the oral cavity. Previously, increased 624 
Enterocoocus abundances post HSCT were found predominantly in patients who developed oral mucositis, 625 
which was not directly assessed in our study [24, 26]. Oral mucositis has been found to prolong the 626 
requirement of parenteral nutrition which is frequently accompanied by a reduced nutritional status 627 
indicated by low albumin levels [24]. Therefore, our findings suggest that it could be relevant in relation 628 
to oral mucositis to further investigate taxa that exhibit “smile”-like abundance trajectories. Especially low 629 
abundances of Actinomycetaceae, Streptococcaceae, and Prevotellaceae, might be candidates for 630 
microbial predictors of oral mucositis, and furthermore might be employed to facilitate preventive 631 
management. 632 
 633 
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In the nasal cavity, the microbiota did not exhibit temporal patterns as distinct as the “smile“- and 634 
“frown“- shaped trajectories in the gut and the oral cavity. However, certain host-microbial associations 635 
observed in the gut were reflected in the nasal cavity. For instance, reconstitution of CD4+ T cells and the 636 
TH17 subset were associated with distinct groups of ASVs at all three body sites (Figures 6A and S5A and 637 
B). Counts of these adaptive immune cell types were positively correlated with a set of ASVs in the nasal 638 
cavity affiliated with Veillonellaceae, a family commonly colonizing the oral cavity, but also occurring in 639 
the nasal cavity [27]. Host–nasal microbiota relations in HSCT are so far poorly described. However, a high 640 
intestinal abundance of Veillonellaceae has been identified as a microbial marker of Crohn’s disease, a 641 
condition characterized by a state of chronic inflammation [28]. Further studies will have to elucidate 642 
whether high nasal Veillonellaceae abundances can similarly indicate a state of high inflammation in HSCT 643 
patients, which the associated high TH17 cell counts might indicate.  644 
 645 
Together, these findings suggest that the oral and the nasal cavity might constitute accessible microbial 646 
niches suitable for investigating host-microbial associations in the context of HSCT, similar to the research-647 
based assessments currently employed for the gut. While all three body niches are characterized by 648 
mucous membranes that are in close association with distinct microbial communities, it is more feasible 649 
to collect buccal and anterior naris swabs during clinical routine as compared to collecting fecal samples. 650 
Fecal sample collection is dependent on bowel movements that are often impaired in this patient group. 651 
Therefore, our study provides valuable knowledge for possible future applications that could include the 652 
determination of distinct oral microbial dynamics in clinical routine, which might be easier to implement 653 
than routine fecal sampling. 654 
 655 
Associations between acute GvHD severity and the microbiota have to date merely been based on logistic 656 
regression and correlation analyses [29–32]. In addition, microbial abundances at the time of neutrophil 657 
recovery or engraftment were assessed, i.e. at time points shortly before, concurrent to, or potentially 658 
after aGvHD onset [9, 30, 32]. Here, we have implemented machine learning techniques to take the 659 
assessment of microbiota-aGvHD relations from correlative to predictive modeling: We presented 660 
evidence that aGvHD severity may be predicted from pre-HSCT microbial abundances. This could open up 661 
opportunities for the future where microbial markers guide early interventions to prevent aGvHD. 662 
Furthermore, we have to our knowledge for the first time revealed microbial taxa in the oral and nasal 663 
cavity that may predict aGvHD.  664 
 665 
Most prominent among the gut bacteria was a group of five distinct Parabacteroides spp. ASVs (family 666 
Tannerellaceae) that appeared predictive for moderate to severe aGvHD in the machine learning analysis. 667 
Our multivariate analyses indicated that a set of other Parabacteroides spp. ASVs was associated with 668 
high plasma IgM levels. Previous studies indicated that aGvHD is associated with low immunoglobulin 669 
levels [33–35].  However, this was suggested to be owed to ATG and steroid treatment and a 670 
correspondingly impaired B cell reconstitution and higher rate of opportunistic bacterial infections, which 671 
in our study was not associated with high IgM levels [33–36]. Similarly, the association we observed 672 
between Parabacteroides spp. abundances and low triglyceride levels contradicts previous descriptions 673 
of hypertriglyceridemia in aGVHD patients [37, 38]. It should be noted however, that the Parabacteroides 674 
spp. ASVs in the multivariate analyses were not associated directly with aGvHD severity and comprised a 675 
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set of ASVs different from those revealed by the aGvHD prediction model.  Interestingly, Parabacteroides 676 
spp. can have both beneficial and adverse impact on the host: Parabacteroides members are providing 677 
propionate, thereby stimulating  Treg cells, which in turn prevent TH17-induced inflammation [39, 40]. On 678 
the one hand, this might contribute to an environment that favors the re-establishment of microbial and 679 
immune system homeostasis after HSCT [31]. On the other hand, it might limit the recovery of the TH17 680 
subset, crucial for a sufficient graft-versus-leukemia (GvL) effect [39, 41]. The role of the TH17/Treg ratio 681 
in GvHD has been controversially discussed, suggesting for instance a higher ratio in moderate to severe 682 
aGvHD, potentially explained by TH17 cells promoting  inflammation and thereby aGvHD [9]. In contrast, 683 
several studies suggested that a low TH17/Treg ratio is associated with more severe aGvHD, explaining 684 
increased Treg cell counts as a compensatory reaction towards GvHD-related inflammation [8, 10]. The 685 
latter is in line with our finding and provides a potential explanation for our observation of a distinct set 686 
of Parabacteroides spp. predicting moderate to severe aGvHD and generally increased Tannerellaceae 687 
abundances in those patients. The likely ambiguous role of Parabacteroides spp. in HSCT and aGvHD 688 
underlines the importance of assessing this group with high taxonomic resolution, as performed here by 689 
choosing the use of distinct amplicon sequence variants (ASVs) over operational taxonomic units (OTUs). 690 
However, further characterization of Parabacteroides spp. at the strain level might be required to draw 691 
even clearer conclusions. 692 
A similar ambiguity might have to be attributed to the family of Lachnospiraceae. We have found one 693 
Lachnospiraceae ASV in the gut that when highly abundant predicts subsequent moderate to severe 694 
aGVHD. This family has previously been reported in connection with reduced GvHD [9, 30]. However, here 695 
we examined pre-HSCT abundances to make predictions, i.e. we did not aim at elucidating 696 
Lachnospiraceae concurrent to aGvHD. This bacterial family is a crucial producer of the SCFA butyrate, 697 
which has been suggested to prevent aGvHD [21]. The mechanism by which butyrate counteracts GvHD 698 
might be direct by improving epithelial integrity in GvHD-target tissue, and/or indirect by inducing T reg 699 
cells that reduce inflammation [21, 40]. However, as mentioned above, the role of T reg cells might also 700 
be compensatory during inflammation and therefore associated with more severe aGvHD [8]. We actually 701 
observed high CD4+ T cell and TH17 cell counts at late follow-up time points associated with the 702 
abundances of a group of Lachnospiraceae at pre-examination and after month +3 in our multivariate 703 
analyses, but no direct association of these ASVs with Treg cells or aGvHD. Moreover, these ASVs did not 704 
comprise the ASV predictive for moderate to severe aGvHD. Therefore it could be of interest for future 705 
studies to reveal the exact mechanisms by which certain Lachnospiraceae, and specifically the predictive 706 
ASV we identified, might promote aGvHD, or whether their increase might be compensatory.   707 
 708 
In addition to ASVs in the gut, we also identified oral and nasal cavity ASVs with pre-transplant abundances 709 
predicting subsequent aGvHD. For instance, in the oral cavity, an ASV affiliated with Prevotella 710 
melaninogenica strongly predicted aGvHD. This species is known to cause oral mucosal infections, and to 711 
be elevated in abundance in oral cancer [26, 42]. One prominent oral complication in allogeneic HSCT is 712 
oral mucositis, but has to our knowledge not been investigated whether P. melaninogenica is involved in 713 
oral mucositis. However, Prevotella intermedia has previously been detected in low numbers in oral 714 
mucosal lesions [43]. Oral mucositis has been linked to elevated aGvHD risk, with the potential explanation 715 
that chemotherapy-induced tissue injury of the oral cavity might reflect a damaged gut epithelium, more 716 
prone to aGvHD [44, 45]. This is in line with our findings that high pre-HSCT abundances of P. 717 
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melaninogenica in the oral cavity predicted subsequent moderate to severe aGvHD. However, the cluster 718 
of oral ASVs comprising a number of Prevotellaceae, including another P. melaninogenica ASV, did not 719 
exhibit any strong associations with the conditioning regimen, again highlighting the need for direct 720 
evaluation of oral mucositis in this context to strengthen our conclusions. 721 
 722 
Other microbial predictors of aGvHD in the oral and nasal cavity included members of the order 723 
Actinomycetales (Actinomyces spp., Pseudopropionibacterium propionicum, Rothia sp.). The order 724 
Actinomycetales  comprises numerous commensals colonizing the oral and nasal cavity in healthy 725 
individuals, but can cause opportunistic infections e.g. in allo-HSCT patients [46]. It has been 726 
demonstrated that aGvHD increased the susceptibility to infections in allogeneic HSCT patients, but a 727 
predisposition to aGvHD due to a preceeding infection has also been suggested for Clostridium difficile 728 
[47]. Whether actinomycosis might play a role in facilitating aGvHD development remains to be 729 
investigated. Interestingly, an increase of oral Actinobacteria in the gut at the time of neutrophil recovery 730 
has been found to be correlated with subsequent severe aGvHD [30]. One potential explanation involves 731 
the ability of Actinomyces spp. to drive biofilm formations [48]. This is commonly observed in 732 
periodontitis, an inflammatory condition of the tissue around the teeth, and has been suggested to also 733 
occur when oral biofilm colonizers shift to the gut, e.g. during colorectal cancer [48]. Actinomycelates 734 
have also been found to play a role in epithelial DNA damage during the initiation of colorectal cancer 735 
[49]. High Actinomyces abundances in the oral and nasal cavities might induce similar epithelial damage 736 
at those sites, potentially promoting e.g. oral manifestations of GvHD. However, we cannot draw 737 
conclusions concerning this within the scope of the present study.  738 
 739 
Interestingly, among all ASVs predicting aGvHD at any body site, we only found one nasal Rothia sp. ASV 740 
with high pre-HSCT abundances predicting that patients would be spared from subsequent aGvHD. Rothia 741 
mucilaginosa was among the genera that when present in the gut post-transplant correlated with 742 
moderate to severe aGvHD in a previous study [30] However, it has to date not been assessed how 743 
different Rothia spp. in the nasal cavity might be associated with aGvHD. This discrepancy again 744 
emphasizes the importance of high taxonomic resolution in this context, and the examination of the 745 
microbiota at different body sites. 746 
 747 
In summary, with the present study we bring forward a comprehensive framework of host-microbial 748 
associations in allogeneic HSCT. We focused on long-term microbial dynamics, demonstrating distinct 749 
microbial abundance patterns of disturbance and recovery, as well as making predictions about aGvHD 750 
from the pre-transplant microbiota. We integrated microbial abundance patterns with a number of 751 
patient baseline parameters, immune cell counts, immune markers, and clinical outcomes in multiple 752 
multivariate analyses. Of note, we have included relapse and mortality as clinical outcomes into our 753 
multivariate analyses in addition to aGvHD. However, we currently cannot draw meaningful conclusions 754 
from associations with these clinical outcomes as only a few patients relapsed or died. These observed 755 
associations should be reevaluated in the same patient cohort after a longer follow-up period or in 756 
another larger cohort with a more balanced design. We have discovered host-microbial associations 757 
shared between two or more of the examined body sites, opening opportunities for implementing more 758 
feasible oral and nasal swab sampling into research and clinical diagnostic activities. It should be noted 759 
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that shared associations were to a certain extent dependent on patient characteristics, such as primary 760 
disease. Therefore, these parameters should always be accounted for when examining HSCT-related host-761 
microbial interactions.  762 
 763 

Conclusions 764 
We investigated the role of the microbiota in allogeneic HSCT and confirmed the depletion of Blautia spp. 765 
and expansion of Enterococcus spp. in the gut after HSCT. We expand this knowledge by precisely defining 766 
which phylogenetically closely related sequence variants of these genera are characteristic for those 767 
patterns, and when they return to pre-HSCT levels. We identified similar patterns for members of the oral 768 
and nasal microbiota and propose month+3 post-transplant as a possible universally crucial time point for 769 
microbiota reconstitution in HSCT. We demonstrate that high abundances of e.g. an intestinal P. distasonis 770 
ASV, an oral P. melaninogenica ASV predict the development of moderate to severe aGvHD post-771 
transplant. When relating microbial abundances with immune cell counts, we found rapid B and NK cell 772 
reconstitution and high IgA levels to be associated with high abundances of Lachnospiraceae and 773 
Ruminococcacea, especially in patients treated with few antibiotics.  Distinct ASVs at all three body sites 774 
were associated with TH17 cell counts, suggesting future research on a potential immunomodulatory 775 
involvement of the microbiota in inflammation regulation, which might play a role for GvHD development.  776 
 777 

Materials and Methods 778 
Patient recruitment and sample collection 779 
We recruited 29 children (age range: 2.5 - 16.4 years) who underwent their first myeloablative allogeneic 780 
hematopoietic stem cell transplantation at Copenhagen University Hospital Rigshospitalet (Denmark) 781 
between November 2015 and October 2017. We provide detailed information about the patients’ clinical 782 
characteristics in Table S1. Every patient underwent a myeloablative conditioning regimen starting on day 783 
-10 for patients receiving a graft from a haploidentical donor, and on day -7 for patients with sibling or 784 
matched unrelated donors (Table S1). One patient was retransplanted on day +223 after the first 785 
transplantation. Data from day -7 prior to retransplantation for this patient was excluded from our 786 
analysis. The following sampling time points were defined: pre-examination (collected between day -57 787 
and day -15), around the starting date of conditioning (collected between day -14 and day -3 and latest 2 788 
days after conditioning start), at the time of HSCT, preferably before graft infusion (collected between day 789 
-2 and day +2), and weekly during the first 3 weeks after transplantation (week +1: day +3 to day +10, 790 
week +2: day +11 to day +17, week +3: day +18 to day +24) (Figure 1A). Broader intervals applied to follow-791 
up time points: Month +1 (between days +25 and +45), month +3 (between days +46 and +120), month 792 
+6 (between days +121 and +245), and month +12 (between day +246 and +428).  793 
 794 
Infections and antibiotics 795 
Records of bacterial, fungal, viral, and parasitic infections and antibiotic treatment from before HSCT 796 
(from day -30 or at the collection time of the first microbiota sample in case this was earlier) until month 797 
+12 (day +428) were taken into consideration (or as long as data was available for the most recent 798 
patients; data accessed in July 2018). This corresponds to the length of the sampling period of fecal and 799 
swab samples.   800 
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Analysis of immune cell subpopulations  801 
Cell counts of leukocytes, thrombocytes, and erythrocytes were recorded daily during hospitalization 802 
starting prior to HSCT, and later weekly in the outpatient clinic by flow cytometry (Sysmex XN) or 803 
microscopy (CellaVision DM96 microscope) in case of very low counts. Monitored subpopulations 804 
included: Monocytes, neutrophils, basophils, eosinophils, blast cells, plasma cells, erythroblasts, 805 
erythrocytes, reticulocytes, myelocytes, metamyelocytes, and promyelocytes. 806 
 807 
Analysis of T, B and NK cells in peripheral blood 808 
Total lymphocyte counts, and T, B, and NK cell counts in x109/L were determined at pre-examination, and 809 
in month +1, +3, +6, and +12. Trucount Tubes (Becton Dickinson, Albertslund, Denmark) were used to 810 
quantify these cell types in peripheral blood on a FC500 flow cytometer (Beckman Coulter, Copenhagen, 811 
Denmark). For immunofluorescence staining, the following conjugated monoclonal antibodies were used 812 
for CD3+ T cells, CD3+CD4+ T cells and CD3+CD8+ T cell quantification: CD3-PerCP, CD3-FITC, CD4-FITC, 813 
CD8-PE (Becton Dickinson). CD45-PerCP, CD16/56-PE antibodies were used to determine NK cells based 814 
on their CD45+CD16+CD56+ phenotype. For B cells, total B cells (CD45+CD19+), mature B cells 815 
(CD45+CD19+CD20+) and immature B cells (CD45+CD19+CD20-) were differentiated by using CD20-FITC 816 
and CD19-PE antibodies. 817 
 818 
Subtyping of T cells  819 
We collected peripheral blood samples in month +1, +3 and +6. Subsequently, we isolated peripheral 820 
blood mononuclear cells (PBMCs) by gradient centrifugation of heparinized blood with Lymphoprep™ 821 
(Axis-Shield, Oslo, Norway) that was washed in PBS (Life Technologies, Invitrogen, Paisley, U.K.) three 822 
times and then resuspended in RPMI 1640 buffer containing HEPES (Biological Industries Israel Beit-823 
Haemek Ltd, Kibbutz Beit-Haemek, Israel), L-glutamine (GIBCO, Invitrogen, Carlsbad, CA) and Gentamycin 824 
(GIBCO), 30% fetal bovine serum (Biological Industries) and 10% Dimethyl Sulfoxide (VWR, Herlev, 825 
Denmark). For cryo-preservation, PBMCs were then aliquoted and stored in liquid nitrogen. T cell subsets, 826 
i.e. TH17 cells and Treg cells, were quantified from frozen PBMCs by flow cytometry on a FACS Fortessa III 827 
flow cytometer (Becton Dickinson, Albertslund, Denmark). PBMCs were thawed and washed before 828 
incubation with Fixable viability stain 620 (Becton Dickinson) and a set of conjugated monoclonal 829 
antibodies for 30 minutes on ice: CD3-APC-A750 (Beckmann Coulter), CD4-PE-Cy7 (Beckmann Coulter), 830 
CD8-A700 (Becton Dickinson), CD25-PE (Becton Dickinson), CD39-PerCP-Cy5.5 (Beckmann Coulter), 831 
CD196-BV510 (Biolegend, San Diego, USA), CD127-BV711 (Biolegend), CD161-BV650 (Becton Dickinson) 832 
and CD45RA-BV786 (Becton Dickinson). Next, PBMCs were washed and incubated with transcription 833 
factor buffer set (BD) for 45 minutes on ice. Afterwards, PBMCs were washed twice and intracellular 834 
monoclonal antibodies were added and incubated for 45 minutes on ice: RORγT-A488 (Becton Dickinson), 835 
FOXp3-A647 (Becton Dickinson) and Helios-PB (Beckmann Coulter). TH17 cells were determined by the 836 
CD4+ RORγT+ phenotype, and T reg cells by the CD4+CD25highFOXp3+ phenotype. Absolute cell counts in 837 
x109/L were obtained by multiplying the frequency of TH17 and T reg cells with the CD4+ T cell count from 838 
the same time point. 839 
 840 
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Quantification of immune markers 841 
Immune markers were measured at the Department of Clinical Biochemistry, Copenhagen University 842 
Hospital Rigshospitalet, Denmark. Plasma levels of immunoglobulins A, G, and M in g/L were measured 843 
by immunoturbidimetry. As a marker of infection, plasma procalcitonin in µg/L was determined by 844 
sandwich electrochemiluminescence immunoassays (ECLIA). As a marker of inflammation, we determined 845 
CRP in mg/L by latex immunoturbidimetric assays (LIA).  846 
 847 
Routine clinical assessment tests 848 
The following kidney function markers were assessed in plasma: Creatinine in µmol/L was measured using 849 
an amperometric biosensor; Cystatin C in mg/L was determined by immunoturbidimetry. The following 850 
liver function markers were assessed in plasma: alanine transaminase (ALT), aspartate transaminase 851 
(ASAT), and basic phosphatase in U/L were measured by absorption spectroscopy. Bilirubin levels in 852 
µmol/L were determined by absorption spectroscopy. Furthermore, we measured the following markers 853 
in plasma (units and detection methods denoted in brackets): calcium (mmol/L, absorption spectroscopy), 854 
ion-free calcium (mmol/L, absorption spectroscopy), cortisole (nmol/L, ECLIA), hemoglobin (µmol/L, 855 
photometry), potassium (mmol/L, ion selective electrodes measurements), lactate dehydrogenase (U/L, 856 
absorbtion photometry), magnesium (mmol/L, absorption photometry), sodium (mmol/L, ion selective 857 
electrodes measurements), cholesterol (mmol/L, absorption photometry), glucose (mmol/L,  absorption 858 
photometry), ferritin (µg/L,  sandwich ECLIA), phosphate (mmol/L, absorption spectroscopy), carbamide 859 
(mmol/L, absorption spectroscopy), albumin (g/L, absorption spectroscopy), triglyceride (mmol/L, 860 
absorption spectroscopy), haptoglobin (g/L, immunoturbidimetry), and the fraction of coagulation factors 861 
II, VII, and X. 862 
 863 
DNA isolation from fecal, oral, and nasal samples and 16S rRNA gene sequencing  864 
212 fecal samples for analysis of the intestinal microbiome were collected from 29 patients at the 10 time 865 
points described above. The gut microbiota was characterized at ≤6 time points in 9 patients (31%), at 7-866 
8 time points in 13 patients (45%) and at 9-10 time points in 7 patients (24%) (Table S1). DNA from fecal 867 
samples, one blank control per extraction round (thereof sequenced: 14), one mock community sample 868 
(Biodefense and Emerging Infectious Research (BEI) Resources of the American Type Culture Collection 869 
(ATCC) (Manassas, VA, USA), Catalog No. HM-276D) per sequencing run and two collection tube controls 870 
was isolated using the QIAamp Fast DNA Stool Mini kit (Qiagen, Venlo, Netherlands), following the 871 
manufacturer’s instructions with modifications according to [50].  872 
We collected 248 buccal swabs (3x at ≤6 time points (10%), 11x at 7-8 time points (38%), 15x at 9-10 time 873 
points (52%)) and 249 anterior naris swabs (3x at ≤6 time points (10%), 9x at 7-8 time points (31%), 17x at 874 
9-10 time points (59%)). DNA from swab samples, one blank control per extraction round (therof 875 
sequenced: 28), one mock community sample per run, two collection tube controls, and two sampling 876 
swab controls was isolated using the QIAamp UCP Pathogen Mini kit (Qiagen, Venlo, Netherlands), with 877 
the ‘Protocol: Pretreatment of Microbial DNA from Eye, Nasal, Pharyngeal, or other Swabs (Protocol 878 
without Pre-lysis)’ and subsequently the ‘Protocol: Sample Prep (Spin Protocol)’, following the 879 
manufacturer’s instructions with the following modifications: 550µl instead of 500µl Buffer ATL was used 880 
during pretreatment; DNA was eluted twice with 20µl Buffer AVE into 1.5 ml DNA LoBind tubes 881 
(Eppendorf, Hamburg, Germany) instead of the tubes provided with the kits.   882 
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Library construction and sequencing on an Illumina MiSeq instrument (Illumina Inc., San Diego, CA, USA) 883 
was performed at the Multi Assay Core facility (DMAC), Technical University of Denmark. DNA 884 
concentration of each sample was measured using a NanoDrop spectrophotometer (Thermo Scientific, 885 
Waltham, MA, USA). Library construction was performed according to the 16S Metagenomic Sequencing 886 
Library Preparation protocol by Illumuna [51]: The V3-V4 region of the 16S ribosomal RNA gene were 887 
amplified in a PCR in each sample and in the controls, using the following previously evaluated primers 888 
[52]: 341F (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3’) and 805R (5’-889 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3’). Amplicons were then 890 
analyzed for quantity and quality in an Agilent 2100 Bioanalyzer with the use of an Agilent RNA 1000 Nano 891 
Kit (Agilent Technology, Santa Clara, CA, USA). Subsequently, the amplicons were purified on AMPure XP 892 
Beads (Beckman Culter, Copenhagen, Denmark) according to the manufacturer’s instructions. Illumina 893 
adapters and dual-index barcodes were then added to the amplicon target in a PCR according to Illumina 894 
[51] using the 96 sample Nextera XT Index Kit (Illumina, FC-131–1002). A final clean-up of the libraries was 895 
performed in another PCR step, using AMPure XP Beads (Beckman Culter, Copenhagen, Denmark) 896 
according to the manufacturer’s instructions, followed by a confirmation of the target size in an Agilent 897 
2100 Bioanalyzer (Agilent Technologies). Before sequencing, DNA concentration was determined with a 898 
Qubit (Life Technologies, Carlsbad, CA, USA) and libraries were pooled. In preparation for sequencing, the 899 
pooled libraries were denatured with NaOH, diluted with hybridization buffer, and heat denatured. 5% 900 
PhiX was included as an internal control for low-diversity libraries. Paired-end sequencing with 2 × 300bp 901 
reads was performed with a MiSeq v3 reagent kit on an Illumina MiSeq instrument (Illumina Inc., San 902 
Diego, CA, USA). 903 
 904 
16S rRNA gene sequence pre-processing 905 
Raw  sequence reads  were demultiplexed based on sample-specific barcodes and ‘read 1’ and ‘read 2’ 906 
FASTQ files for each sample were generated on the Illumina MiSeq instrument by the MiSeq reporter 907 
software. Primers were removed by using cutadapt (version 1.16) [53] at a tolerated maximum error rate 908 
of 15% for matching the primer sequence anchored in the beginning of each read. In the case that at least 909 
one read of a pair did not contain the primer, the pair was discarded. Only pairs in which the forward read 910 
contained the forward primer (341F) and the reverse read contained the reverse primer (805R) were 911 
retained.  912 
The resulting reads were further processed using the R package DADA2 (version 1.8) to infer high-913 
resolution amplicon sequence variants (ASV) [54]. Forward and reverse reads were truncated at 280 bp 914 
and 200 bp respectively. This way, the majority of reads retained a quality score >25 according to MultiQC 915 
analysis [55]. These truncation thresholds also ensured an overlap of 480 bp (expected amplicon length 916 
of 460 bp + 20 bp), allowing to merge forward and reverse reads. Samples were pooled for the sample 917 
inference step (dada() function) to increase the power for detecting rare variants. Default values were 918 
used for all other quality filtration parameters in DADA2. DNA from samples with a read count <10,000 919 
after preliminary chimera and contaminant removal were re-sequenced. DNA from feces samples with a 920 
read count <5,000 were re-extracted. Eventually, chimeras were identified by sample and removed from 921 
the whole data set (over all sequencing runs) based on a consensus decision (removeBimeraDenovo() 922 
function, method “consensus”). Taxonomic assignment on ASVs was done by using the Silva reference 923 
data base (version 132), formatted for DADA2 [56]. Additional species assignment by exact reference 924 
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strain matching was performed using the Silva species-assignment training data base, formatted for 925 
DADA2 [56]. 926 
The resulting ASV and taxonomy tables were integrated with the R package phyloseq and its dependencies 927 
(version 1.24.0) [57]. The data was split into two data sets, one containing feces sample data and one 928 
containing nasal and oral swab data. Subsequently, contaminant removal was performed with the R 929 
package decontam [58]. Potential technical batch effects by sequencing run, 96-well plate, extraction kit, 930 
extraction round, experimenter, and extraction date were assessed by ordination (Principal Coordinates 931 
Analysis (PCoA)).  932 
For both, the fecal sample data set and the swab data set, contaminants were identified by sequencing 933 
run as a batch effect and a subsequent calculation of a consensus probability. For the feces sample data 934 
set, contaminants were identified by both, increased prevalence in 14 blank extraction controls and by 935 
relating ASV frequency to post-PCR sample DNA concentration, assuming inverse correlation (method 936 
“both”, frequency threshold: 0.2, prevalence threshold: 0.075) [58]. After manual evaluation of edge 937 
cases, 89 ASVs were removed from the fecal sample data set as contaminants. In an additional step, we 938 
identified 7 contaminants from 2 sampling tube controls (method and thresholds as stated above). In 939 
total, 96 ASVs were removed as contaminants from the fecal sample data set. 940 
For the swab sample data set, contaminants were identified by both, increased prevalence in 28 blank 941 
extraction controls and by relating ASV frequency to post-PCR sample DNA concentration (method “both”, 942 
frequency threshold: 0.1, prevalence threshold: 0.6) [58]. A more stringent threshold for prevalence 943 
compared to frequency was chosen here, given the low biomass of the swab samples, accompanied by 944 
post-PCR DNA concentrations similar to those in blank controls. After manual evaluation of edge cases, 945 
1137 ASVs were removed from the swab sample data set as contaminants. In an additional step, we 946 
identified 16 contaminants from 2 sampling tube controls and 2 swab controls (method “both”, frequency 947 
threshold: 0.075, prevalence threshold: 0.5). In total, 1153 ASVs were removed as contaminants from the 948 
oral and nasal swab sample data set.  949 
For each subset, we created a phylogenetic tree by de novo alignment of the inferred ASVs, following a 950 
previously described workflow [59]. First, we performed multiple alignment with the package DECIPHER 951 
[60]. Subsequently, we built a neighbor-joining tree using the package phangorn [61], based on which we 952 
fitted a GTR+G+I (Generalized time-reversible with Gamma rate variation) maximum likelihood tree. The 953 
phylogenetic tree for each data set (fecal, oral, and nasal) was then integrated with the respective 954 
phyloseq object.  955 
Next, we took core subsets of the ASVs remaining after contaminant removal using the function kOverA() 956 
from R package genefilter [62]. In the fecal set, 2465 ASVs with ≥5 reads in ≥2 samples were retained. 957 
With ≥5 reads in ≥10 samples, 509 ASVs were retained from the oral sample set, and 602 ASVs from the 958 
nasal sample set. Additional manual contaminant filtering was applied to the oral and nasal core sets. 959 
ASVs affiliated with taxonomic families commonly found in both the oral or nasal cavity and the gut were 960 
only retained in the oral sample set in case they had ≥10 reads in ≥10 samples. ASVs of families only 961 
expected in the gut were removed from the oral and nasal sample sets after manually assessing their 962 
abundances. Subsequently, we retained 377 ASVs in the oral sample set, and 197 ASVs in the nasal sample 963 
set. 964 
 965 
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Statistical analysis 966 
Statistical analyses and generation of graphs was performed in R (version 3.5.1, R Foundation for 967 
Statistical Computing, Vienna, Austria) [63]. Sequencing data and all related experimental and clinical data 968 
were integrated for analysis with the R package phyloseq [57]. Plots were generated with the packages 969 
ggplot2 [64], mixOmics [65], treeDA [66], caret [67], and partykit [68, 69].  970 
From the core sets of ASV counts for each body site, bacterial alpha diversity (denoted by the inverse 971 
Simpson index) was calculated and compared between time points by using a Friedman test with 972 
Benjamini-Hochberg correction for multiple testing, and a post-hoc Conover test. To gain insight into 973 
changes of microbial abundances over time in relation to HSCT, we agglomerated ASV counts on family 974 
levels with the function tax_glom() in phyloseq [57]. Thereafter, we displayed the relative abundances of 975 
the 12 most abundant families at each body site for each time point. We also depicted relative abundances 976 
over time on family level in patients with aGvHD grade 0-I versus grade II-IV.  977 
In order to determine which particular ASVs are relevant in temporal microbial abundance dynamics at 978 
each body site, we implemented tree-based sparse linear discriminant analysis (LDA) with the package 979 
treeDA [66]. This method utilizes phylogenetic information to perform supervised discrimination of 980 
classes, here time points [70]. Leaves and nodes of the phylogenetic tree, representing log+1 transformed 981 
ASV abundances and the sums thereof respectively, were used as predictive features. The core oral and 982 
nasal sets were used as input as described above, while the fecal set was further reduced to 389 ASVs 983 
with >5 reads in >10 samples for this analysis. Leave-one-out cross validation (LOOCV) was performed to 984 
choose the optimal minimum number of predictive features ensuring sparse, interpretable models. The 985 
resulting LDA models had 9 components. By default, this number corresponds to the number of predicted 986 
classes (here 10 time points) less one. To identify relevant components, we plotted sample scores colored 987 
by time points along each component and plotted the components pairwise against each other (Figure 988 
S2). Thereby, we revealed that the first LDA-component for each body site showed the highest sample 989 
scores and best separated the samples by time point. Therefore, we proceeded with displaying temporal 990 
trajectories of clades of predictive features (ASVs) on the first component. For selected groups of 991 
predictive ASVs we displayed trajectories for patients with aGvHD grade 0-I versus with grade II-IV.  992 
Next, we implemented machine learning models to predict aGvHD grade post-transplant from preceeding 993 
ASV abundances. The strategy and R code for the machine learning approach was partially adapted from 994 
a previous approach [71, 72]. As a preparative step for this analysis, we variance-stabilized the ASV count 995 
data. To do so, we first performed size factor estimation for zero-inflated data on the core data sets for 996 
each bbody site with the package GMPR [73]. Subsequently, we transformed the data by using the 997 
function varianceStabilizingTransformation() in the package DESeq2 [74]. The function implements a 998 
Gamma-Poisson mixture model to account for both library size differences and biological variability [75]. 999 
For the prediction of aGvHD grade, we compared the performances of four different classifiers (random 1000 
forest (rf), boosted logistic regression (LogitBoost), support vector machines with linear kernel 1001 
(svmLinear), and support vector machines with radial basis function kernel (svmRadial)) using the package 1002 
caret [67]. We took subsets of the phyloseq objects comprising only the time points preceding aGvHD 1003 
onset: pre-examination, conditioning start, and at the time of HSCT. Prior to fitting the models, we 1004 
excluded ASVs with near zero variance, i.e. those that were not differentially abundant between any 1005 
samples, by using the function nearZeroVar() in package caret [67]. Thereby we obtained sets of 238, 186, 1006 
and 100 ASVs for the fecal, oral, and nasal data set, respectively, which were then assessed as potential 1007 
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predictors of subsequent aGvHD. All classifiers were trained on a randomly chosen subset of 70% of the 1008 
data to build a predictive model evaluated on a test set (30% of the data). Splitting was performed in a 1009 
way that samples from the same patient at different time points were kept together in either the testing 1010 
or training set to ensure that the outcome of a patient can only appear in either the testing set or the 1011 
training set, but not both. Thirty iterations of 10-fold cross-validation were performed for each classifier, 1012 
both with and without up-sampling. Up-sampling refers to the process of replacement-based sampling of 1013 
the class with fewer samples (here aGvHD grade II-IV) to the same size as the class with more samples 1014 
(here aGvHD grade 0-I) to achieve a balanced design. SvmLinear on up-sampled data was chosen as the 1015 
best performing predictive model for all three data sets (gut, oral, and nasal). Subsequently, we performed 1016 
Boruta feature selection using the package Boruta [76]. The Boruta algorithm is a Random Forest 1017 
classification based wrapper that compares the importance of real features to that of so called ‘shadow 1018 
attributes’ with randomly shuffled values. Features that are less important than the ‘shadow attributes’ 1019 
are iteratively removed. Here, we retained those ASVs in each data set that were both, among the 50 1020 
most important predictors in the svmLinear model and confirmed by the Boruta algorithm. Subsequently, 1021 
we fitted a CTREE on each set of selected predictors (23 fecal, 26 oral, and 12 nasal ASVs) by using the 1022 
package partykit [68, 69]. In the CTREE analysis the effect of the predictive ASVs on aGvHD grade is 1023 
evaluated in a nonparametric regression framework. CTREE iteratively tests if the abundance of any ASV 1024 
has a significant effect on aGvHD grade. In the case that a significant relation is found, the ASVs with the 1025 
largest effect is picked as a node for the tree. The procedure is then recursively repeated until no further 1026 
significant effect of any ASV on aGvHD is found. We plotted the result as a tree featuring the significant 1027 
split nodes, represented by the ASVs and the Bonferroni-corrected p-values indication significant 1028 
influence of their abundance on aGvHD grade. The terminal nodes of the tree show the proportion of 1029 
samples stemming from patients with aGvHD grade 0-I versus II-IV, under the condition of the abundance 1030 
split criterion described on each branch. Since we used-variance stabilized bacterial abundances as input 1031 
for the machin learning analyses, abundances can be presented as negative values in some cases and are 1032 
therefore not easy to interpret intuitively. Therefore, we additionally displayed the log-transformed 1033 
relative abundances of all ASVs significantly predicting aGvHD in boxplots at the three investigated time 1034 
points (pre-examination, conditioning start, and at the time of HSCT).   1035 
Subsequently, we were interested in associations between the fecal, oral, and nasal microbiota and 1036 
immune cell counts, and clinical outcomes in HSCT. Records of immune markers, and immune cell counts 1037 
contained left- and right-censored measurements, i.e. observations below or above the detection (or 1038 
recording) limit, respectively. In order to use these data in analyses that do not tolerate censored records, 1039 
we needed to impute the censored data. Therefore, we first fitted the non-parametric maximum 1040 
likelihood estimator (NPMLE, also called Turnbull estimator) for univariate interval censored data on each 1041 
variable that contained censored records, using the function ic_np() in the R package icenReg [77]. 1042 
Subsequently, censored records were imputed, informed by the model that was fitted on the entity of 1043 
observed and censored data of each variable, using the imputeCens() function [77]. Next, we took the 1044 
median of measurements for the time points defined above for those immune markers, and immune cell 1045 
counts that have been measured more frequently than that. This way, we obtained comparable data sets. 1046 
Continuous immune marker and cell count data that was systematically missing for certain sampling time 1047 
points was split by time points and unavailable time points were excluded. Missing values in continuous 1048 
immune marker and cell count data were imputed for variables with ≤ 50% missingness. Simultaneous 1049 
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multivariate non-parametric imputation was performed using the R package missForest [78]. Variables 1050 
with more than 50% missing values were excluded from the analysis.  1051 
To explore associations between patients’ baseline parameters, immune cell counts, immune markers, 1052 
and clinical outcomes with the overall microbial community structure, we implemented permutational 1053 
multivariate analysis of variance using distance matrices (adonis) in the package vegan [79] based on 1054 
Manhattan distance matrices of the variance-stabilized bacterial community data for each body site. 1055 
Permutation design was set up with respect to repeated measurements within the same patients and the 1056 
intact chronological order of time points. Thereby, we estimated the number of relevant variables to be 1057 
included in subsequent multivariate analyses.  1058 
Next, we implemented two multivariate multi-table approaches to gain a more detailed understanding of 1059 
how the fecal, oral, and nasal microbiota might be associated with immune cell counts, immune markers, 1060 
and clinical outcomes in HSCT. Evaluated clinical outcomes comprised acute GvHD (grade 0-I versus II-IV), 1061 
relapse, overall survival, and treatment-related mortality. Furthermore, we included bacterial alpha 1062 
diversity (inversed Simpson index), antibiotic treatment, infections, Karnofsky scores before conditioning 1063 
and at day +100, and patients’ baseline parameters (age, weight, sex, primary disease, malignant versus 1064 
benign primary disease, conditioning regimen, chemotherapeutic agents’ dosages, TBI treatment and 1065 
dosage, stem cell source, cell dose per kg, engraftment, GvHD prophylactic regimen, recipients’ and 1066 
donors’ cytomegalovirus antibody status, donor type (sibling/matched unrelated/haploidentical), donor 1067 
HLA-match, and donor sex). 1068 
For each body site, we performed sparse partial least squares (sPLS) regression by using the function spls() 1069 
in the package mixOmics [65]. In sPLS regression, two matrices are being integrated and both their 1070 
structures are being modelled. Here, we used variance stabilized ASV abundances as explanatory variables 1071 
and all continuous clinical and immune parameters as response variables. The method allows multiple 1072 
response variables. Collinear, and noisy data can be handled by this method as well [80]. We specified the 1073 
number of response variables to be kept for each component (keepY) according to the number of trending 1074 
and significant variables revealed by the adonis analysis. The number of explanatory variables (ASVs) to 1075 
be kept on each component (keepX) was set to 25 after running the sPLS regression models for each body 1076 
site with a range of values between 20 and 40 for keepX, showing results robust to keepX. The perf() 1077 
function was used to inform the choice of 3 relevant components. Based on the sPLS regression models 1078 
for each body site, we then performed hierarchical clustering with the cim() function, using the clustering 1079 
method “complete linkage” and the distance method “Pearson’s correlation”. Thereby, we generated 1080 
matrices of coefficients indicating correlations between ASV abundances and continuous clinical and 1081 
immune parameters.  1082 
Subsequently, we carried out canonical (i.e. bidirectional) correspondence analysis (CCpnA), which is a 1083 
multivariate constrained ordination method. This method allow us to assess associations of both 1084 
categorical and continuous clinical and immune parameters to ASV abundances. We included ASVs and 1085 
variables with a correlation of >0.2/<-0.2 (oral and nasal data set) or >0.3/<-0.3 (fecal data set) in the sPLS 1086 
analysis into the CCpnA, and additionally included categorical variables that could not be included in the 1087 
sPLS. The method was implemented with the cca() function in package vegan [79]. It implements a Chi-1088 
square transformation of the log+1 transformed ASV count matrix and subsequent weighted linear 1089 
regression, followed by singular value decomposition. We depicted the CCpnA results as a triplot with plot 1090 
dimensions corresponding in length to the percentage of variance explained by each axis. In an ANOVA, 1091 
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we tested for the overall significance of the CCpnA models at each body site, as well as for the significance 1092 
of the components, and the significance of the variables. For this purpose we used the function 1093 
anova.cca() in vegan [79]. 1094 
 1095 
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Abstract  36 
Background  37 
The importance of the human microbiota in health and disease, and its role in immune homeostasis is 38 
increasingly recognized. A number of studies have provided insight into characteristic shifts in the gut 39 
microbial community of patients undergoing hematopoietic stem cell transplantation, and linked 40 
microbial abundance patterns to clinical outcomes. However, so far the focus has been on allogeneic 41 
transplantation, i.e. the infusion of stem cells derived from a foreign donor. Autologous HSCT, involving 42 
the transplantation of the patient’s own cells, extracted and preserved before the onset of 43 
chemotherapy, has been studied to a lesser degree with regards to the microbiota. Recipients of auto-44 
HSCT receive prophylactic antimicrobial treatment prior to transplantation, indicating that the 45 
microbiota might be affected and potentially plays a role in this patient group.  46 
 47 
Results  48 
Here, we have monitored long-term gut, oral, and nasal microbial abundances in a cohort of adult 49 
autologous HSCT recipients over the period of one year. We show decreased bacterial alpha diversity 50 
early after transplantation and rapid recovery within one to three weeks at all three body sites. 51 
Multivariate multi-table approaches revealed a number of host-microbial associations that were partly 52 
shared between body sites. High abundances of intestinal Bacteroides spp. in the gut were associated 53 
with a high number of bacterial infections and frequent antibiotic treatment. The abundances of oral 54 
Prevotella spp. were positively correlated with TH17 and Treg cell counts.  55 
 56 
Conclusions  57 
With the exploration of host-microbial associations in this relatively small group of adult autologous 58 
HSCT patients, we demonstrate that the microbiota undergoes changes and exhibits correlations with 59 
immune cell counts and immune markers. For instance, correlations of microbial abundances with TH17 60 
and Treg cell counts points to a potential microbial involvement in mucosal or systemic inflammatory 61 
regulation in the context of auto-HSCT. We emphasize the need to put focus on autologous HSCT 62 
patients in addition to the allogeneic setting, both as a reference group for donor-related effects and as 63 
a relevant patient group in itself. Further research might enable the identification of microbial markers 64 
based on the starting points we provide here, which might in the future be of clinical use.  65 
 66 
 67 
 68 
 69 
 70 
 71 
 72 
 73 
 74 
 75 
 76 
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Background  77 
Autologous hematopoietic stem cell transplantation (HSCT) is a form of therapy used in lymphoid 78 
malignancies, such as multiple myeloma (MM), as well as Hodgkin and non-Hodgkin lymphoma (HL and 79 
NHL) [1]. It involves the extraction of the recipient’s own stem cells prior to high-dose chemotherapy, 80 
and subsequent infusion of these cells to re-establish the compromised immune system [2]. The role of 81 
the microbiota in autologous HSCT is vastly understudied compared with allogeneic HSCT. One could 82 
argue that more substantial changes are expected in the commensal microbial community structure in 83 
relation to allogeneic HSCT due to the encounter with foreign immune cells. In this light, autologous 84 
HSCT recipients still constitute a valuable control population to relativize the extent of donor-related 85 
effects. However, the impact on the microbiota in allo-HSCT can be attributed to antibiotic treatment to 86 
a high degree [3]. Auto-HSCT patients likewise undergo antimicrobial treatment, both prophylactically 87 
and upon the occurrence of infections, even though the choice of antimicrobial agents might differ [4]. 88 
Therefore, the microbiota might be similarly affected and involved in auto-HSCT as was shown in allo-89 
HSCT, and on its own constitutes a patient group of interest. One important aspect for the success of 90 
HSCT is the timely reconstitution of the immune system. Microbial involvement  in the recovery of B and 91 
NK cells has been shown in pediatric allo-HSCT patients [5]. In addition, the T cell compartment, and 92 
especially the balance between T helper 17 (TH17) and T regulatory (Treg) cells, are of interest. TH17 cells 93 
are important for the defense against e.g. extracellular bacterial pathogens [6]. However, pro-94 
inflammatory signaling of TH17 cells induces autoimmunity if not counter-acted by Treg cell activity [6]. 95 
Members of the host microbiota are able to induce both, TH17 cells by epithelial adhesion, and Treg cells 96 
via the production of short-chain fatty acids [7–9]. These mechanisms and their stimulation by members 97 
of the commensal microbiota at mucosal sites might be of relevance to understand inflammatory 98 
processes in HSCT. Inflammatory complications in HSCT occur for instance in relation to chemotherapy-99 
induced gut toxicity and oral mucositis [10, 11]. With regards to microbial involvement, Prevotella spp. 100 
have been proposed to play a role in both TH17-mediated systemic and local mucosal inflammation, as 101 
well as  in oral inflammatory disorders, such as periodontitis, suggesting a host-microbial link that might 102 
be worth investigating in the context of HSCT [12].  103 
Here, we provide comprehensive insight into changes of gut, oral, and nasal microbial abundances, 104 
which we tracked over a period of one year in adult recipients of autologous HSCT. We show a decrease 105 
in bacterial alpha diversity within the first two weeks post-transplant at all three body sites. Diversity 106 
levels recovered rapidly, especially in the nasal cavity. In the gut, we reveal that amplicon sequence 107 
variants (ASVs) affiliated with the family Enterococcaceae increase in abundance early after auto-HSCT. 108 
Furthermore, Streptococcaceae expanded concurrent to the post-transplant loss of diversity at all three 109 
body sites. We integrated ASV count data with immune cell counts, immune markers, and clinical 110 
outcomes. For instance, we included plasma glucose and phosphate levels. Both markers might be of 111 
relevance, especially during the neutropenic phase: Hypophosphatemia has been described as a marker 112 
of rapid neutrophil recovery after HSCT, and hyperglycemia has been related to an increased risk of 113 
infections post-transplantation [13, 14]. Here we demonstrate that a high number of bacterial infections 114 
and frequent antibiotic treatment through the one year period, as well as high plasma glucose levels 115 
were associated with high abundances of distinct sets of ASVs, including intestinal Bacteroides spp., at 116 
all three body sites. In addition, high plasma phosphate levels and high reticulocyte counts were 117 
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correlated with intestinal Ruminococcaceae and Lachnospiraceae in NHL patients, whereas the same 118 
markers were associated with oral and nasal microbial abundances in MM patients. Moreover, 119 
abundances of oral Prevotellaceae ASVs, and nasal Corynebacteriaceae ASVs were correlated with Treg 120 
and TH17 cell counts. With regards to the relatively small size of our cohort, we restrain from drawing 121 
definite conclusions from the revealed associations. This study might be considered as an initial 122 
exploration of the role of the microbiota in autologous HSCT, and demonstrates its relevance. We 123 
provide a number of starting points for further investigations, which are required to obtain more 124 
conclusive evidence of host-microbial interactions in auto-HSCT. 125 
 126 

Results 127 
The gut, oral, and nasal microbiota of adult recipients of autologous hematopoietic stem cell 128 
transplantation (auto-HSCT) was monitored for one year. At nine time points, we collected fecal 129 
samples, and buccal and anterior naris swabs: once before HSCT, on the day of HSCT, weekly during the 130 
first month post transplantation, and at three later time points. We used 16S rRNA gene profiling to 131 
describe how the microbial community changes over time in auto-HSCT patients. Associations between 132 
microbial dynamics and immune reconstitution, immune markers, and clinical outcomes in relation to 133 
auto-HSCT were investigated in two multivariate multi-table approaches. To elucidate immune 134 
reconstitution, we quantified a range of immune cell types, including reticulocytes and neutrophils, in 135 
peripheral blood (see Methods). Moreover, we examined biochemical blood markers, for instance 136 
plasma phosphate and bilirubin levels, among other immune markers (see Methods). 137 
 138 
Patient cohort and outcomes  139 
The cohort consisted of 13 adult patients (average age: 54.2, range: 28.7 - 70.4) whose microbiota was 140 
monitored in the oral and nasal cavities, and the microbiota of 11 of these was in addition monitored in 141 
the gut. From before auto-HSCT and during the first year post transplantation, eight patients (62%) had 142 
at least one bacterial infection and two patients (15%) had at least one viral infection (Table S1). Within 143 
an average follow-up time of eight months, six patients (46%) went into complete remission, while six 144 
(46%) never reached complete remission (Table S1). Two patients (15%) died due to relapse. All 145 
autologous stem cell recipients were treated with amoxicillin from day +4. In case of fever, the patients 146 
were administered intra-venous piperacillin-tazobactam. Upon lack of effect, this was substituted with 147 
meropenem. 148 
 149 
 150 
 151 
 152 
 153 
 154 
 155 
 156 
 157 
 158 
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 160 
 161 
Figure 1. Bacterial alpha diversity and major taxonomic families in the gut, oral, and nasal microbiota of 162 
autologous HSCT patients. A) Bacterial alpha diversity before, at the time of, and after autologous HSCT in the gut, 163 
E) the oral cavity, and F) the nasal cavity. Alpha diversity is displayed on a log10-transformed y-axis for visualization 164 
purposes. Asterisks indicate significant differences in median inverse Simpson index between time points (showing 165 
the maximum significance level). * P < 0.05, ** P < 0.01 and *** P < 0.001. D) Relative abundances of the 12 most 166 
abundant families at each body site are shown over time for the gut, E) the oral cavity, and F) the nasal cavity. 167 
(‘Body site’-icons in this figure and the following figures from: colourbox.com.) 168 
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Bacterial alpha diversity changes upon HSCT in the gut, and the oral and nasal cavities  173 
We obtained 60 fecal, 85 buccal swab, and 85 anterior naris swab samples that were examined by 16S 174 
rRNA gene profiling in order to understand dynamics of microbial abundance patterns over time before, 175 
at the time of, and after auto-HSCT. We obtained 1,030 ASVs in the fecal data set, 372 ASVs in the oral 176 
data set, and 219 ASVs in the nasal data set (see Methods). In the gut, alpha diversity (inverse Simpson) 177 
decreased from a median inverse Simpson index of 8.74 (range: 2.81 -24.66) on the day of HSCT to a 178 
minimum of 3.0 in week+1 (range: 1.26 – 23.58), and increased in month +1 to a level comparable to pre 179 
HSCT (8.84 (range: 4.05 – 10.22)) (Figure 1A). We did not detect significant differences in diversity 180 
between time points for the gut microbiota. In contrast, in the oral cavity, a significant decrease in 181 
median alpha diversity occurred from 6.47 in week +1 (range: 1.1 – 17.72) to 3.29 in week +2 (range 1.56 182 
– 8.15, P = 0.02, Figure 1B). Diversity successively increased again to 6.71 (range 2.19 – 21.53) in month 183 
+1 (P < 0.001, Figure 1B). In the nasal cavity, we observed a significant decline in median alpha diversity 184 
from 2.73 (range: 1.63 – 8.51) on the day of HSCT to 2.48 (range: 1.53 – 3.9) in week +1 (P = 0.03, Figure 185 
1C). Nasal diversity levels recovered rapidly to 4.21 (range: 2.37 – 6.9) in week +2 (P < 0.01, Figure 1C), 186 
exceeding median alpha diversity levels before and at the time of transplantation.  187 
 188 
Microbial community dynamics in the gut, and the oral and nasal cavities  189 
As an initial indication of microbial compositional changes over time, we transformed ASV counts by 190 
taxonomic family to relative abundance. Overall, the gut was dominated by a number of families, 191 
comprising e.g. Bacteroidaceae, Enterobacteriaceae, and Lachnospiraceae (Figure S1A). Concurrent to 192 
the drop in gut bacterial alpha diversity in week +1, we observed an expansion in the proportion of 193 
Streptococcaceae from 3.3% to 21.2%, and of Enterococcaceae from 1.4% to 28.4%. In contrast, relative 194 
abundance of Bacteroidaceae dropped from 41.2% on the day of HSCT to 5.4% in week +1 (Figure 1D). In 195 
the oral cavity, members of the family Streptococcaceae were dominant at all time points (Figure S1B). 196 
An expansion in relative abundance of this family from 38.4% to 65% accompanied the decrease in 197 
diversity at this site in week +2 (Figure 1E). The nasal cavity generally exhibited high relative abundances 198 
of Streptococcaceae, Staphylococcaceae, and Corynebacteriaceae (Figure S1C). At the time of decreased 199 
alpha diversity in week +1, the proportion of Streptococcaceae increased from 8.7% to 16.1%, while we 200 
observed a reduction in Moraxellaceae (from 31.5% to 13.8%) and to a lesser degree in 201 
Corynebacteriaceae (from 27.8% to 22.8%). Between week +2 and month +1 where we observed nasal 202 
bacterial diversity exceeding pre-transplant levels, Streptococcaceae expanded further to 43.5%. 203 
Moreover, other families including Pasteurellaceae and Micrococcaceae increased in relative abundance 204 
during this period, while Moraxellaceae and Corynebactericeae were further reduced (Figure 1F).  205 
 206 
 207 
 208 
 209 
 210 
 211 
 212 
 213 
 214 
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Figure 2. Multivariate host – gut microbial associations in autologous HSCT patients. A) Pairwise correlations 216 
(>0.3/<-0.3) of gut ASVs (bottom) and continuous immune and clinical parameters (right) displayed in a 217 
hierarchically clustered image map (CIM). Complete linkage clustering was based on the first three dimensions of 218 
the partial least squares (sPLS) regression model. Red and blue coloring indicates positive and negative Pearson’s 219 
correlation, respectively. B) Triplot of the canonical correspondence analysis (CCpnA), showing associations 220 
between gut ASV abundances (circles) and continuous (arrows) and categorical (+) immune and clinical 221 
parameters. ASVs and variables were included in the CCpnA if they had at least one correlation >0.3/<-0.3 in the 222 
sPLS regression analysis. Variables and ASVs with a score >0.3/<-0.3 on at least one the first three CCpnA axes are 223 
displayed in dimension 1 versus 2. Samples are shown as triangles. Clusters of ASVs identified by the sPLS-based 224 
hierarchical clustering are shown as colored ellipses (with 80% confidence interval). Abbreviations not mentioned 225 
in text: bacterial, bacterial infection; P_, plasma. 226 
 227 
 228 
 229 
Glycemic and infectious status are associated with the microbiota across body sites  230 
We were interested in how the microbiota in the gut, and the oral and nasal cavities might be correlated 231 
with immune reconstitution, immune markers, and clinical outcomes in the context of autologous HSCT. 232 
Two multivariate multi-table approaches allowed us to discover associations and compare them across 233 
the three investigated body sites. In a first step, we used sparse partial least squares (sPLS) analysis 234 
separately for each body site, with subsequent hierarchical clustering. The method was run in regression 235 
mode to explain variation in multiple continuous outcomes (immune cell counts, immune marker levels, 236 
and bacterial alpha diversity) by variance stabilized ASV abundances. In addition, we performed 237 
canonical correspondence analysis (CCpnA) on the subset of ASVs and immune parameters with the 238 
highest correlations in the sPLS analyses (see Methods). CCpnA facilitates the inclusion of categorical 239 
variables, such as clinical outcomes, and assesses relationships between the microbiota, and immune 240 
and clinical parameters in a bidirectional manner. Three clusters of AVSs were revealed at each body 241 
sites by sPLS-based hierarchical clustering, which were confirmed by the respective CCpnAs (Figures 2, 3, 242 
and S2). The major associations shared between two or three of the investigated body sites will be 243 
described in detail in the following paragraphs.  244 
 245 
The sPLS analysis suggested a strong positive correlation between plasma glucose levels prior to HSCT 246 
and in week +3, and distinct sets of ASVs in the gut (cluster 2), the oral cavity (cluster 1), and the nasal 247 
cavity (cluster 1) (Figures 2A, 3A, S2A). Gut cluster 2 primarily comprised members of the families 248 
Bacteroidaceae (exclusively Bacteroides spp.) and Ruminococcaceae (Figure 2A). In the oral cavity, ASVs 249 
in cluster 1 were affiliated with a number of families including Lactobacillaceae, Streptococcaceae, and 250 
Veillonellaceae (Figure 3A). Nasal cluster 1 mainly consisted of Corynebacteriaceae, and Moraxellaceae 251 
ASVs (Figure S2A). No ASVs in these clusters were shared between body sites. In the oral, and nasal 252 
cavities, but not the gut, the same ASVs additionally exhibited negative correlations with plasma levels 253 
of magnesium prior to HSCT, at the time of HSCT, and in week +1. The CCpnA confirmed the associations 254 
observed in the sPLS analysis. In addition, our analysis revealed that samples affiliated with the 255 
respective cluster at each body site (gut cluster 2, oral cluster 1, nasal cluster 1) originated from patients 256 
that suffered many bacterial infections and were treated with antibiotics more often than the rest of the 257 
cohort. In the gut and oral cavity, roxithromycin-treatment was associated with the respective clusters 258 
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(Figures 2B and 3B), whereas frequent metronidazole treatment was observed when analyzing the nasal 259 
cavity data set (Figure S2B). In total, four patients were treated with at least one of those antimicrobial 260 
agents and had at least two bacterial infections during the monitored period (Figure 4). In the gut and 261 
the nasal cavity, samples in these clusters originated mainly from week +2 or week +3 according to the 262 
CCpnAs. Additionally samples from months +3 and +6 occurred here at all three body sites. 263 
 264 
Reticulocyte counts and phosphate levels are associated with site-specific microbiota of distinct 265 
patient groups 266 
A second set of shared associations across body sites was revealed by the sPLS analysis, showing positive 267 
correlations between counts of reticulocytes prior to HSCT and in week +2 in older patients compared to 268 
the rest of the cohort, and cluster 3 at each body site, respectively (Figures 2A, 3A, and S2A). In contrast, 269 
the same clusters of ASVs were negatively correlated with pre-transplant plasma levels of phosphate 270 
and glucose. In the gut, cluster 3 was dominated by Ruminococcaceae, and additionally comprised a few 271 
Lachnospiraceae and Bacteroidaceae ASVs(Figure 2A). A large group of ASVs constituted oral cluster 3, 272 
representing e.g. Prevotellaceae, Actinomyceataceae, Veillonellaceae, and Neisseriaceae (Figure 3A). A 273 
number of different families was observed in nasal cluster 3, including Corynebacteriaceae, 274 
Moraxellaceae, Actinomycetaceae, and Neisseriaceae (Figure S2A). ASV 516 (Pseudomonas sp.) occurred 275 
in both the gut, and the nasal microbial cluster 3 (Figures 2A and S2A).  The CCpnA indicated that 276 
patients whose samples were affiliated with gut cluster 3 were mainly Non-Hodgkin lymphoma patients 277 
who never reached complete remission and had high mortality (Figure 2B). In contrast, in the oral and 278 
nasal cavities, we observed that multiple myeloma patients treated with high-dose melphalan were 279 
grouped into cluster 3 who did achieve complete remission (Figures 3B and S2B). At all three body sites, 280 
the associated ASVs stemmed from late time points (month +1 and thereafter). 281 
 282 
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Figure 3. Multivariate host – oral microbial associations in autologous HSCT patients. A) Pairwise correlations 302 
(>0.3/<-0.3) of oral ASVs (bottom) and continuous immune and clinical parameters (right) displayed in a 303 
hierarchically CIM. Complete linkage clustering was based on the first three dimensions of the sPLS regression 304 
model. Red and blue coloring indicates positive and negative Pearson’s correlation, respectively. B) Triplot of the 305 
CCpnA, showing associations between oral ASV abundances (circles) and continuous (arrows) and categorical (+) 306 
immune and clinical parameters. ASVs and variables were included in the CCpnA if they had at least one 307 
correlation >0.3/<-0.3 in the sPLS regression analysis. Variables and ASVs with a score >0.3/<-0.3 on at least one 308 
the first three CCpnA axes are displayed in dimension 1 versus 2. Samples are shown as triangles. Clusters of ASVs 309 
identified by the sPLS-based hierarchical clustering are shown as colored ellipses (with 80% confidence interval). 310 
Abbreviations are described in Figure 2. Additional abbreviations: B_, blood; BAM, cytarabine, carmustine, and 311 
melphalan treatment; BT, carmustine and thiotepa treatment; HDMEL, high-dose melphalan treatment; PCL, 312 
plasma cell leukemia. 313 
 314 
 315 
 316 
Oral and nasal microbiota structure early after HSCT is associated with subsequent T reg and TH17 cell 317 
reconstitution  318 
Positive correlations were found between plasma phosphate levels at the time of HSCT, plasma bilirubin 319 
levels, as well as T reg and TH17 cell counts in month +1 in comparatively younger patients compared to 320 
the rest of the cohort and ASVs in cluster 2 in the oral and the nasal cavities, respectively (Figures 3A 321 
and S2A). In addition, we observed negative correlations between the same ASVs and plasma glucose 322 
levels prior to HSCT at both body sites. Oral cluster 2 comprised mainly Prevotellaceae, and 323 
Actinomycetaceae, as well as a two Fusobacteriaceae ASVs (one of them Fusobacterium nucleatum) 324 
(Figure 3A). In the nasal cavity, we observed mostly Corynebacteriaceae in cluster 2 (Figure S2A). It was 325 
indicated by the CCpnA that these associations were mainly observed in patients with high mortality 326 
(Figure 3B and S2B). Moreover, the CCpnA of both, the oral and the nasal data set, indicated weak 327 
positive correlations between the ASVs in these clusters and frequent antibiotic treatment (Figure 3B 328 
and S2B). Samples grouped into cluster 2 of the oral and nasal site, respectively, were mainly collected 329 
between week +1 and week +3 (Figures 3B and S2B).  330 
 331 
Pre- and early post-transplant abundances of distinct gut microbiota members co-vary with innate 332 
immune cell counts  333 
A cluster of Rikenellaceae and Tannerellaceae ASVs in the gut (cluster 1) was associated with high 334 
plasma phosphate levels in week +1, high alpha diversity, and high counts of a set of innate immune cell 335 
subpopulations (Figure 2A). The CCpnA showed that high innate immune counts and high abundances of 336 
ASVs in this cluster were predominantly observed prior to HSCT, at the time of HSCT, and in week +1, 337 
and that few antibiotics were given to the concerned patients during that period (Figure 2B).  338 
 339 
 340 
 341 
 342 
 343 
 344 



112 
 

 345 

P01
P02

P03
P04

P05
P06

P07
P08

P09
P10

P11
P12

P13

−4
0

−2
0

 H
SCT 20 40 60 80 10

0
12

0
14

0
16

0
18

0
20

0
22

0
24

0
26

0
28

0
30

0
32

0
34

0
36

0
38

0
40

0
42

0

bacterial infection
Amoxicillin

Ciprofloxacin
Linezolid

Meropenem
Moxifloxacin

Piperacillin_and_Tazobactam
Trimethoprim_and_sulfamethoxazole

Amoxicillin
Cefuroxim

Ciprofloxacin
Piperacillin_and_Tazobactam

Trimethoprim_and_sulfamethoxazole

Amoxicillin
Ciprofloxacin
Flucloxacillin

Piperacillin_and_Tazobactam
Trimethoprim_and_sulfamethoxazole

bacterial infection
Amoxicillin

Ceftazidime
Ciprofloxacin
Clindamycin
Dicloxacillin

Fusidic_acid
Meropenem

Metronidazole
Moxifloxacin

Piperacillin_and_Tazobactam
Roxithromycin

Trimethoprim_and_sulfamethoxazole
Vancomycin

bacterial infection
Amoxicillin

Ciprofloxacin
Meropenem

Metronidazole
Piperacillin_and_Tazobactam

Vancomycin

bacterial infection
Amoxicillin

Ciprofloxacin

bacterial infection
Amoxicillin
Cefuroxim

Ciprofloxacin
Clindamycin
Dicloxacillin

Rifampicin
Roxithromycin

Trimethoprim_and_sulfamethoxazole

Amoxicillin
Ciprofloxacin

Piperacillin_and_Tazobactam
Trimethoprim_and_sulfamethoxazole

Vancomycin

bacterial infection
Ciprofloxacin
Meropenem
Moxifloxacin

Piperacillin_and_Tazobactam

bacterial infection
Amoxicillin.

Ciprofloxacin
Piperacillin_and_Tazobactam

Trimethoprim_and_sulfamethoxazole

Amoxicillin
Benzylpenicillin

Cefuroxim
Ciprofloxacin

Dicloxacillin
Trimethoprim_and_sulfamethoxazole

Amoxicillin
Cefuroxim

Ciprofloxacin
Piperacillin_and_Tazobactam

Trimethoprim_and_sulfamethoxazole

bacterial infection
Amoxicillin

Ciprofloxacin
Dicloxacillin

Flucloxacillin
Fusidic_acid
Meropenem

Metronidazole
Piperacillin_and_Tazobactam

Trimethoprim_and_sulfamethoxazole
Vancomycin

days post HSCT

N
H

L
N

H
L

N
H

L
N

H
L

PC
L

AD
M

M
M

M
M

M
M

M
M

M
M

M
N

H
L



113 
 

Figure 4. Antibiotic treatment and bacterial infections per autologous HSCT patient. Antimicrobial agents and the 346 
corresponding duration of treatment per patient (right) is displayed over time in relation to HSCT. Diagnoses are 347 
noted for each patient (right). Metronidazole and roxithromycin are noted in blue (left). Dashed lines indicate the 348 
day of HSCT. Bacterial infections (noted in red) are depicted as black marks (x). Abbreviations: AD, amyloidosis; 349 
NHL, Non-Hodgkin lymphoma; MM, multiple myeloma; PCL, plasma cell leukemia.  350 
 351 
 352 

Discussion 353 
In the present study, we revealed associations between the microbiota and the human immune system 354 
in adult autologous HSCT patients. In comparison to allogeneic HSCT, the microbiota in the autologous 355 
HSCT setting has hitherto been insufficiently described. Autologous transplant recipients constitute an 356 
important reference to account for donor-related effects in allo-HSCT. Here, we provide for the first 357 
time comprehensive insight into gut, oral, and nasal microbial community dynamics prior to, at the time 358 
of, and until up to one year post auto-HSCT in relation to immune cell counts, immune markers, and 359 
clinical outcomes.  360 
Bacterial alpha diversity was lowest in week +1 or +2 after auto-HSCT at all three body sites. In the gut, 361 
diversity increased again in week +2 after the minimum in week +1, and had recovered by month +1. 362 
This is in line with a recent report [15]. In addition, we showed here for the first time how diversity 363 
changes in the oral and nasal microbiota in autologous HSCT. Interestingly, the decrease in diversity in 364 
the oral cavity was delayed compared with the gut. Oral diversity in week +1 was even higher than pre-365 
transplant levels, before a drop in diversity occurred in week +2. One potential explanation might 366 
involve the prophylactic amoxicillin treatment in week +1 applied to all patients. A previous study has 367 
identified a number of amoxicillin-resistent Prevotella and Neisseria spp. in dental plaque of children 368 
[16]. These species represent taxonomic families that in our study exhibited higher relative abundances 369 
in week +1 compared with the preceding and following time point. One could speculate that amoxicillin 370 
promotes growth of various resistent oral microbiota members, which could rescue bacterial diversity. 371 
However, other studies have also shown a decrease in oral diversity after amoxicillin treatment in 372 
healthy adults [17, 18]. Interestingly, in one study the decrease was more pronounced after 7 days 373 
compared with after 3 days post amoxicillin-gavage, which could point to a delayed effect in agreement 374 
with our finding [18]. Of note, we did not see any direct correlations between oral microbial abundances 375 
and amoxicillin treatment in our multivariate analyses. Recovery of oral diversity by month +1 was 376 
comparable to the gut microbial diversity trajectory. Oral diversity dropped again in month +3, but 377 
sampling coverage at late time points was sparser and diversity levels at those time points cannot 378 
currently be statistically evaluated. In the nasal cavity, diversity decreased in week +1, but to a lesser 379 
degree than in the gut, and increased again in week +2. Interestingly, nasal bacterial diversity had vastly 380 
exceeded pre-transplant levels by month +1. We observed a high proportion of Moraxellaceae in the 381 
nasal cavity at early time points with low diversity (until and including week +1). From week +2 onwards, 382 
Moraxellaceae abundances decreased substantially and concurrently diversity increased. This is in 383 
agreement with a previous study that described this inverse correlation in children with asthma [19]. 384 
Further investigations are required to elucidate any causal relations of changes in bacterial alpha 385 
diversity and in the abundance of distinct bacterial families over time in the context of auto-HSCT. 386 
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We have assessed host-microbial associations in the present cohort of auto-HSCT patients and found 387 
high plasma glucose levels prior to and early after HSCT associated with increased occurrence of 388 
bacterial infections. We additionally provide insight into the microbial community structure 389 
accompanying this association. In the gut, we observed dominance of Bacteroides spp. together with 390 
high glucose levels, which is in agreement with the previously described positive correlation of the 391 
abundance and growth rate of this genus and glucose levels in adult diabetes mellitus type 2 (T2DM) 392 
patients [20, 21]. To our knowledge, we show for the first time a dominance of Bacteroides in 393 
autologous HSCT patients in relation to high plasma glucose levels. However, it is of utmost importance 394 
to note that plasma glucose levels are highly dependent on patients’ fasting status, which was not 395 
evaluated in connection with the clinical routine measurements of glucose levels in our study. 396 
Therefore, findings related to associations with plasma glucose levels cannot be considered conclusive 397 
here, but rather warrant further investigations. Generally, with regards to the relevance of plasma 398 
glucose levels, T2DM has been established as a condition that can predispose to multiple types of cancer 399 
[22]. Apart from organ-specific inflammatory complications and impaired cell signaling pathways, the 400 
general state of hyperglycemia, i.e. high levels of circulating  glucose, plays a role in diabetic-related 401 
cancer risk [22]. Hyperglycemia has consecutively also been investigated in non-diabetic populations of 402 
cancer patients and HSCT recipients [23, 24]. High glucose levels have for instance been associated with 403 
shorter time in remission, reduced survival, and impaired chemotherapeutic effect e.g. in multiple 404 
myeloma patients [23, 25]. In agreement with our findings, previous studies suggested hyperglycemia 405 
before and during neutropenia in auto-HSCT as a risk factor for subsequent bacterial infection in adult 406 
patients [14, 24]. It should be noted however that patients undergoing HSCT are being treated with 407 
prophylactic antibiotics to protect from infections during immunosuppression, and receive further 408 
treatment upon the occurrence of infections. Here, our analysis suggested that auto-HSCT patients with 409 
high abundances of Bacteroides spp. and a high number of infections were treated comparatively often 410 
with roxithromycin, an antibiotic of the macrolide class. Therefore, the Bacteroides dominance at late 411 
time points associated with high glucose levels might also have been reinforced by roxithromycin 412 
treatment, which has previously been suggested to increase the proportion of cecal Bacteroidetes [26].  413 
 414 
In contrast to ASVs associated with high glucose levels, we observed another group of ASVs that was 415 
positively correlated with low pre-transplant glucose levels, possibly pointing to positive clinical 416 
outcomes [23]. Furthermore, we observed low phosphate levels prior to HSCT in this group. 417 
Hypophosphatemia during engraftment post auto-HSCT has previously been reported as a marker of 418 
neutrophil recovery since low plasma levels reflect the increased uptake of phosphate by replicating 419 
neutrophils [13, 27]. However, plasma phosphate levels might fluctuate drastically in severely ill cancer 420 
patients, which strongly limits the conclusive power concerning associations with plasma phosphate in 421 
the present study. High reticulocyte counts have been suggested to reflect erythrocyte regeneration and 422 
might thereby indirectly point to neutrophil recovery [27]. In agreement, we found high reticulocyte 423 
counts prior to HSCT and in week +2 to be associated with low plasma phosphate levels in the present 424 
study. Moreover, we related the microbiota to these immune markers and found predominantly 425 
Ruminococcacea and Lachnospiraceae ASVs in the gut. Consistent with the associated immune markers 426 
pointing to positive clinical outcomes after HSCT, these taxonomic families are generally associated with 427 
health [5, 28]. Of note, neutrophil counts were only weakly positively correlated with two specific 428 
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Lachnospiraceae ASVs, predominantly in month +1 and thereafter as indicated by our multivariate 429 
analysis. 430 
 431 
The low glucose and phosphate levels, as well as high reticulocytes were also associated with distinct 432 
groups of oral and nasal ASVs. Interestingly, we observed these host-microbial associations in two 433 
different patient groups in the gut compared with the oral and nasal cavities. Our multivariate analysis 434 
suggested that these immune markers were correlated with the gut microbiota of Non-Hodgkin 435 
lymphoma (NHL) patients, whereas they were correlated with the oral and nasal microbiota of multiple 436 
myeloma patients. Of note, the NHL group was associated with adverse outcomes (no remission, death), 437 
while the MM group was linked to complete remission. This highlights the importance of accounting for 438 
the primary diagnosis of autologous HSCT recipients when attempting to correlate host-microbial 439 
associations and clinical outcomes. The adverse outcomes in NHL patients associated with immune 440 
markers pointing to rapid neutrophil recovery, and health associated taxonomic families seems 441 
counterintuitive. However, taking microbial abundance patterns in the gut, and the oral and nasal 442 
cavities into account, gave us more differentiated insights. In addition to Ruminococcacea and 443 
Lachnospiraceae, the concerned gut cluster was the only one that comprised two highly abundant 444 
Pseudomonas spp. ASVs. One of those ASVs was shared between the gut and the nasal cavity. A 445 
previous study has shown that a decrease in intestinal phosphate facilitates virulence activation in, and 446 
biofilm formation of Pseudomonas aeruginosa [29]. One could speculate that the association between 447 
low plasma phosphate levels and high abundances of specific Pseudomonas spp. that we detected in the 448 
gut might reflect this previously described effect systemically. We have not observed any infections 449 
caused by Pseudomonas spp. in the present cohort. However, it might be worth investigating in a larger 450 
cohort whether plasma phosphate levels play a role in the switch to opportunistic pathogenicity in 451 
Pseudomonas spp. or other gut microbiota members. In both, the oral and nasal cavities we observed a 452 
number of Actinomyces spp. in the respective clusters associated with low glucose and phosphate levels, 453 
as well as high reticulocyte counts. It has been shown that members of this genus are involved in oral 454 
conditions, such as periodontitis, which can also occur after HSCT [30–32]. In this context, it has been 455 
suggested that their ability to take up and intracellularly accumulate phosphate might facilitate biofilm 456 
formation [31]. We recommend further investigations including oral health assessment to elucidate 457 
whether this might be a potential explanation for high Actinomyces abundances associated with low 458 
phosphate levels in auto-HSCT. In summary, despite the previously described relation of 459 
hypophosphatemia and positive outcomes, we highlight the importance of carefully accounting for host-460 
microbial associations when evaluating the potential of these kinds of markers in HSCT.  461 
 462 
As opposed to the associations related to low pre-transplant phosphate levels, we observed an 463 
association between high plasma phosphate levels at the time of HSCT, and distinct clusters of oral and 464 
nasal ASVs. It has previously been suggested that high phosphate levels might indicate impaired 465 
neutrophil recovery [13]. In addition, we showed a weak positive correlation with plasma bilirubin 466 
levels, pointing to impaired liver function [33]. The respective patients had a higher mortality, but only 467 
two patients died during the monitored period, which limits the conclusive power concerning mortality 468 
at present. However, the strongest correlation between the oral and nasal microbiota in the respective 469 
clusters was with Treg cell counts, and to a lesser degree with TH17 cell counts in month +1. A major part 470 
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of the ASVs from the oral cavity represented in this cluster were affiliated with Prevotella spp., including 471 
e.g. P. melaninogenica and P. nigrescens. A role in a number of oral conditions, such as periodontitis, but 472 
also in e.g. systemic inflammation, has been attributed to Prevotella previously [12]. Interestingly, it has 473 
been suggested that Prevotella promotes mucosal and systemic inflammation by mediating TH17 cell 474 
induction, in line with our findings of high Prevotella abundances and high TH17 cell counts [12]. 475 
Especially P. nigrescens, which we also identified here, has previously been shown to facilitate TH17 cell 476 
activity in vitro via pro-inflammatory cytokine induction [12]. The concurrent high counts of T reg cells 477 
that we observed in the present study might be a compensatory reaction to re-establish immune 478 
homeostasis. Furthermore, we observed high abundances of two oral Fusobacteriaceae ASVs in this 479 
cluster, including one Fusobacterium nucleatum ASV. High oral abundances of F. nucleatum have been 480 
observed previously in HSCT patients with oral mucositis [34]. Therefore, high abundances of this 481 
species associated with a possible inflammatory state and adverse outcomes in the present study fits 482 
into the framework of previous knowledge. Moreover, our analysis indicated that patients associated 483 
with these Fusobacterium spp. were treated more often with antibiotics than the rest of the cohort. A 484 
recent study found that intestinal F. nucleatum expanded after meropenem-gentamicin-vancomycin 485 
combination therapy in healthy adults [35]. This effect might be mirrored here in the oral cavity, in line 486 
with our finding of associated increased antibiotic use and high Fusobacterium abundances. However, 487 
further investigations are required to confirm these indications derived from our small cohort.  488 
 489 
In addition to host-microbial associations shared between the oral and nasal cavities or all three 490 
examined body sites, we detected a number of immune cell subpopulations that were exclusively 491 
associated with members of the gut microbiota. We observed that high bacterial alpha diversity was 492 
associated with gavage of comparatively few antibiotics in this cluster, a link that is in line with previous 493 
findings in HSCT patients [36]. In particular, high abundances of Parabacteroides spp. (Tannerellaceae) 494 
and Alistipes spp. (Rikenellaceae) prior to, at the time of, and in week +1 after HSCT were observed. A 495 
depletion of the Parabacteroides genus during post-transplant reduction of alpha diversity has 496 
previously been described, in agreement with our findings [37]. Here, we observed high neutrophil, 497 
monocyte, and total leukocyte counts concurrent to high abundances of these taxa. Parabacteroides 498 
spp. produce the short chain fatty acid propionate [37]. The previously described anti-inflammatory and 499 
immune regulatory signaling, as well as chemotaxis exerted on neutrophils by propionate via the G-500 
protein-coupled receptor GPR43 might play a role in the correlation we found [38–40]. 501 
 502 

Conclusions 503 
We show that the microbiota plays a role in autologous HSCT, and encourage further research 504 
concerning this patient group. We tracked gut, oral, and nasal microbial dynamics over a year and 505 
performed a comprehensive multivariate assessment of microbial abundances in relation to host 506 
immune parameters. Our initial findings based on this cohort of 13 adult autologous patients suggest 507 
that bacterial alpha diversity decreases after auto-HSCT, and then rapidly recovers. We show that shifts 508 
in the community structure are evident early after transplantation, involving an increase in 509 
Streptococcaceae at all three body sites. In the gut, Bacteroidaceae abundances overall decreased after 510 
HSCT. However, Bacteroides spp. abundances were high in patients with a high number of infections and 511 
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antibiotic treatments. This calls attention to the impact antimicrobial treatment can have on the 512 
commensal microbiota, and potentially adverse clinical outcomes after auto-HSCT. With regards to the 513 
oral cavity, our findings point to an association between Prevotella spp. and TH17 and Treg cell counts. 514 
The potential role of this taxon in inflammatory regulation in relation to auto-HSCT might be of worth  515 
further investigations. Furthermore, we propose to further examine the dependencies between plasma 516 
glucose and phosphate levels and the microbiota in auto-HSCT patients, which might reveal host-517 
microbial interactions relevant for clinical outcomes.  518 
 519 

Materials and Methods 520 
Patient recruitment and sample collection 521 
Thirteen adult recipients (age range: 28.7-70.4) of autologous hematopoietic stem cell transplantation 522 
were recruited at Copenhagen University Hospital Rigshospitalet (Denmark) between July and 523 
November 2016. Patient characteristics are presented in Table S1. Multiple myeloma patients started a 524 
conditioning regimen from day -2, and Non-Hodgkin lymphoma patients from day -7 (Table S1). We 525 
defined the following sampling time points: pre-HSCT (collected between day -30 and day -2), at the 526 
time of HSCT, preferably before graft infusion (collected between day -2 and day +2), and weekly during 527 
the first 3 weeks after transplantation (week +1: day +3 to day +10, week +2: day +11 to day +17, week 528 
+3: day +18 to day +24). Follow-up time points were divided into broader intervals: Month +1 (between 529 
days +25 and +45), month +3 (between days +46 and +120), month +6 (between days +121 and +245), 530 
and month +12 (between day +246 and +404). We included bacterial, fungal, viral, and parasitic 531 
infection records and antibiotic treatment data from prior to transplantation to month +12 (day -30 to 532 
+404).  533 
 534 
Analysis of immune cell subpopulations  535 
Leukocytes, thrombocytes, and erythrocyte counts were recorded daily during hospitalization from 536 
before transplantation, and later weekly in the outpatient clinic by flow cytometry (Sysmex XN) or in 537 
case of very low counts by microscopy (CellaVision DM96 microscope). The following subpopulations 538 
were monitored: Monocytes, neutrophils, basophils, eosinophils, blast cells, plasma cells, erythroblasts, 539 
erythrocytes, reticulocytes, myelocytes, metamyelocytes, and promyelocytes. 540 
 541 
Quantification of TH17 cells and T regulatory cells 542 
We used flow cytometry to determine counts of T cell subtypes, in particular TH17 cells and T regulatory 543 
(T reg) cells, from from frozen peripheral blood mononuclear cells (PBMCs) on a FACS Fortessa III flow 544 
cytometer (Becton Dickinson, Albertslund, Denmark) in months +1, +3, and +6. The thawed and washed 545 
PBMCs were incubated for 30 minutes on ice with Fixable viability stain 620 (Becton Dickinson) and a set 546 
of conjugated monoclonal antibodies: CD3-APC-A750 (Beckmann Coulter), CD4-PE-Cy7 (Beckmann 547 
Coulter), CD8-A700 (Becton Dickinson), CD25-PE (Becton Dickinson), CD39-PerCP-Cy5.5 (Beckmann 548 
Coulter), CD196-BV510 (Biolegend, San Diego, USA), CD127-BV711 (Biolegend), CD161-BV650 (Becton 549 
Dickinson) and CD45RA-BV786 (Becton Dickinson). Subsequently, PBMCs were washed and incubated 550 
for 45 minutes on ice with transcription factor buffer set (Becton Dickinson). Next, PBMCs were washed 551 
twice and incubated for 45 minutes on ice with intracellular monoclonal antibodies: RORγT-A488 (BD), 552 
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FOXp3-A647 (BD) and Helios-PB (Beckmann Coulter). TH17 cells were determined according to the CD4+ 553 
RORγT+ phenotype, and Treg cells  according to the CD4+CD25highFOXp3+ phenotype. We multiplied the 554 
frequency of TH17 and T reg cells with the concurrent total lymphocytes count to obtain absolute cell 555 
counts in x109/L. 556 
 557 
Quantification of immune markers and routine clinical assessment tests 558 
Immune marker measurements and routine clinical assessment tests were performed at the 559 
Department of Clinical Biochemistry, Copenhagen University Hospital Rigshospitalet, Denmark. Plasma 560 
levels of immunoglobulins A, and M in g/L were measured by immunoturbidimetry. As markers of 561 
inflammation, we determined C-reactive protein (CRP) in mg/L by latex immunoturbidimetric assays 562 
(LIA). We measured the following liver function markers in plasma: alanine transaminase (ALT) and basic 563 
phosphatase in U/L were measured by absorption spectroscopy. Bilirubin levels in µmol/L were 564 
determined by absorption spectroscopy. Furthermore, the following markers were monitored in plasma 565 
(units and detection methods denoted in brackets): ion-free calcium (mmol/L, absorption spectroscopy),  566 
potassium (mmol/L, ion selective electrodes measurements), lactate dehydrogenase (U/L, absorbtion 567 
photometry), magnesium (mmol/L, absorption photometry), sodium (mmol/L, ion selective electrodes 568 
measurements), glucose (mmol/L,  absorption photometry), and phosphate (mmol/L, absorption 569 
spectroscopy), carbamide (mmol/L, absorption spectroscopy). 570 
 571 
DNA isolation from fecal, oral, and nasal samples and 16S rRNA gene sequencing   572 
To analyze the gut microbiota, we collected 60 fecal samples from 11 patients at the 9 time points 573 
described above. DNA extraction from fecal samples was performed with the QIAamp Fast DNA Stool 574 
Mini kit (Qiagen, Venlo, Netherlands), following the manufacturer’s instructions with modifications 575 
according to [41]. Each extraction comprised a blank control. In total, 14 blank controls were sequenced. 576 
In addition, two collection tube controls in total and one mock community sample (Biodefense and 577 
Emerging Infectious Research (BEI) Resources of the American Type Culture Collection (ATCC) 578 
(Manassas, VA, USA), Catalog No. HM-276D) was included on each sequencing run.  579 
Eighty-five buccal and anterior naris swabs were collected each. The QIAamp UCP Pathogen Mini kit 580 
(Qiagen, Venlo, Netherlands) was used to isolate DNA from the swab samples, and from one blank 581 
control per extraction round (therof sequenced: 28), one mock community sample per run, two 582 
collection tube controls, and two sampling swab controls. With the extraction kit, we used the ‘Protocol: 583 
Pretreatment of Microbial DNA from Eye, Nasal, Pharyngeal, or other Swabs (Protocol without Pre-lysis)’ 584 
and the ‘Protocol: Sample Prep (Spin Protocol)’ according to the manufacturer’s instructions with 585 
modifications. Instead of 500µl Buffer ATL, we used 550µl during pretreatment. Instead of the tubes 586 
provided with the kits, DNA was eluted twice with 20µl Buffer AVE into 1.5 ml DNA LoBind tubes 587 
(Eppendorf, Hamburg, Germany).   588 
Library construction and sequencing, using an Illumina MiSeq instrument (Illumina Inc., San Diego, CA, 589 
USA) was performed at the Multi Assay Core facility (DMAC), Technical University of Denmark. A 590 
NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA) was used for DNA concentration 591 
measurement of each sample. For library construction, we followed the 16S Metagenomic Sequencing 592 
Library Preparation protocol by Illumuna [42]: The following previously evaluated primers were used to 593 
amplify the V3-V4 region of the 16S ribosomal RNA gene in each sample and in the controls in a PCR 594 
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[43]: 341F (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3’) and 805R (5’-595 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3’). Quantity and quality of 596 
amplicons was assessed in an Agilent 2100 Bioanalyzer with the use of an Agilent RNA 1000 Nano Kit 597 
(Agilent Technology, Santa Clara, CA, USA). Then the amplicons were purified on AMPure XP Beads 598 
(Beckman Culter, Copenhagen, Denmark) following manufacturer’s instructions. In a PCR step, Illumina 599 
adapters and dual-index barcodes from the 96 sample Nextera XT Index Kit (Illumina, FC-131–1002) 600 
were added to the amplicon target according to Illumina [42]. In another PCR step, AMPure XP Beads 601 
(Beckman Culter, Copenhagen, Denmark) were used according to manufacturer’s instructions for a final 602 
library clean-up. Subsequently, the target size was confirmed in an Agilent 2100 Bioanalyzer (Agilent 603 
Technologies). DNA concentration was determined with a Qubit (Life Technologies, Carlsbad, CA, USA) 604 
and libraries were pooled and denatured with NaOH, diluted with hybridization buffer, and 605 
subsequently heat denatured prior to sequencing. As an internal control for low-diversity libraries, 5% 606 
PhiX was included. We performed paired-end sequencing with 2 × 300bp reads using MiSeq v3 reagent 607 
kit on an Illumina MiSeq instrument (Illumina Inc., San Diego, CA, USA). 608 
 609 
16S rRNA gene sequence pre-processing 610 
For each sample, demultiplexing of raw  sequence reads was done based on sample-specific barcodes 611 
and ‘read 1’ and ‘read 2’ FASTQ files were created using the MiSeq reporter software on a Illumina 612 
MiSeq instrument. The cutadapt software (version 1.16) [44] was used for primer removal. We used a 613 
tolerated maximum error rate of 15% for matching the primer sequence anchored in the beginning of 614 
each read. A read pair was discarded if at least one read of the pair did not contain the primer. 615 
Subsequently, ASVs were inferred from the reads by using the R package DADA2 (version 1.8) [45]. 616 
Truncation at 280 bp and 200 bp was performed for forward and reverse reads, respectively, to retain a 617 
quality score >25 according to MultiQC analysis [46]. This way, an overlap of 480 bp (expected amplicon 618 
length of 460 bp + 20 bp) also allowed to merge forward and reverse reads. For the sample inference 619 
step (dada() function), samples were pooled, otherwise default settings were used for all other quality 620 
filtration steps in DADA2. In case of a read count <10,000 after preliminary chimera and contaminant 621 
removal, DNA from the concerned sample was re-sequenced. One feces samples with a read count 622 
<5,000 was re-extracted. Eventually, sample-wise chimera identification and removal from the whole 623 
data set based on a consensus decision (removeBimeraDenovo() function, method “consensus”) was 624 
done. Subsequently, the ASVs were taxonomically assigned based on the Silva reference data base 625 
(version 132), formatted for DADA2 [47]. The Silva species-assignment training data base, formatted for 626 
DADA2 [47] was used for additional species assignment.  627 
Analysis was continued by integrating the ASV table and associated taxonomy table with the R package 628 
phyloseq and its dependencies (version 1.24.0) [48]. In the next step, contaminant removal was 629 
performed with the R package decontam [49] for fecal and swab samples separately. Possible technical 630 
batch effects were evaluated by ordination (Principal Coordinates Analysis (PCoA)). Sequencing run, 96-631 
well plate, extraction kit, extraction round, experimenter, and extraction date were considered for 632 
possible batch effects. Contaminants were removed by sequencing run as a batch effect based on a 633 
consensus probability. 634 
We identified contaminants based on both, ASV prevalence in the blank controls, and the relation of 635 
ASV frequency in the samples and their post-PCR DNA concentration (method “both”, frequency 636 
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threshold: 0.2, prevalence threshold: 0.075) [49]. Thereby, and through additional manual evaluation of 637 
edge cases, we identified and removed 89 ASVs from the fecal data set as contaminants. Another 7 ASVs 638 
were identified as contaminants from the sampling tube controls by the same method and thresholds as 639 
stated above.  640 
The same method of contaminant removal was applied for the swab sample data set with different 641 
thresholds: Method “both”, frequency threshold: 0.1, prevalence threshold: 0.6 [49]. In total, 1137 ASVs 642 
were removed from the swab sample data set. Sixteen additional contaminants were identified and 643 
removed based on the sampling tube controls and swab controls (method “both”, frequency threshold: 644 
0.075, prevalence threshold: 0.5).  645 
After contaminant removal, we took subsets of the ASVs separately at each body site the function 646 
kOverA() from R package genefilter [50]. We retained 1,030 ASVs with ≥5 reads in ≥2 samples in the 647 
fecal data set. From the oral data set, 497 ASVs were retained, and 506 ASVs from the nasal data set. In 648 
both cases, these ASVs had ≥5 reads in ≥5 samples. We applied additional manual filtering to the oral 649 
and nasal core data sets. A threshold of ≥10 reads in ≥10 samples was applied to retain ASVs of 650 
taxonomic families commonly found in both the oral or nasal cavity and the gut. We removed ASVs 651 
affiliated with families that are only expected in the gut from the oral and nasal sample sets after 652 
manually assessing their abundances. This way, the final oral core set comprised 372 ASVs, and the final 653 
nasal core set consisted of 219 ASVs. 654 
 655 
Statistical analysis 656 
We performed statistical analyses and generation of graphs in R (version 3.5.1, R Foundation for 657 
Statistical Computing, Vienna, Austria) [51]. Experimental and clinical data were integrated with the ASV 658 
count data and taxonomy tables in phyloseq [48]. Plots were generated with the packages ggplot2 [52] 659 
and mixOmics [53].  660 
We calculated bacterial alpha diversity (inverse Simpson index) from the core ASV sets at each body 661 
side. The median inverse Simpson index was compared between time points within each body site. Due 662 
to sparse sampling at late follow-up time points, we only compared alpha diversity between time points 663 
up to month +1. For this purpose, we used a Friedman test with Benjamini-Hochberg correction for 664 
multiple testing, and a post-hoc Conover test. 665 
Subsequently, we agglomerated ASV counts on taxonomic family level with the function tax_glom() in 666 
phyloseq [48]. For visualizing microbial abundances over time, we displayed the proportions of the 12 667 
most abundant families at each body site for each time point. 668 
In preparation of multivariate analyses, we variance stabilized the ASV count data for each body site 669 
using the function varianceStabilizingTransformation() in the package DESeq2 [54], based on size factors 670 
estimated within the package GMPR [55]. 671 
We imputed left- and right-censored measurements (below or above detection level) of immune cell 672 
counts and immune markers by using the R package icenReg [56]. First, for each variable containing 673 
censored records, we fitted the non-parametric maximum likelihood estimator (NPMLE) for univariate 674 
interval censored data by using the function ic_np(). Subsequently, we imputed censored records based 675 
on the fitted models, using the imputeCens() function.  For variable that were measure more frequently 676 
compared with the characterization of the microbiota, we calculated medians for the time points 677 
defined above to obtain comparable data sets. Continuous cell count and immune marker data was split 678 
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by time points in case  that data was systematically missing for time points. We imputed missing values 679 
in continuous cell count and immune marker data in case of ≤ 50% missingness. To do so, we used the R 680 
package missForest [57] to achieve simultaneous multivariate non-parametric imputation. In case of 681 
>50% missingness, variables were excluded from the analysis.  682 
Subsequently, for each body site, we calculated Manhattan distance matrices of the variance-stabilized 683 
community data. We then peformed permutational multivariate analysis of variance using distance 684 
matrices (adonis) in the package vegan [58] to examine associations between patients’ baseline 685 
parameters, immune cell counts, immune markers, and clinical outcomes, and the overall microbial 686 
community structure. We accounted for repeated measurement and for keeping the chronological order 687 
of those within a patients when setting up the permutation design. The adonis results were used to 688 
estimate the number of variables to include in subsequent multivariate multi-table approaches. 689 
In the next step, we employed two multivariate multi-table approaches to assess in detail whether there 690 
are association between the fecal, oral, and nasal microbiota and immune cell counts, immune markers, 691 
and clinical outcomes in HSCT. Remission status (complete remission, never in remission) and overall 692 
survival were included as clinical outcomes. We also included bacterial alpha diversity (inversed Simpson 693 
index), antibiotic treatment, infections, and patients’ baseline parameters (age, sex, primary disease, 694 
conditioning regimen, transplantation number). 695 
We first performed sparse partial least squares regression for the feces, oral, and nasal data set 696 
separately by using the function spls() in the package mixOmics [53]. We modelled variance stabilized 697 
ASV abundances as explanatory variables and continuous clinical and immune parameters as response 698 
variables. The number of response variables to be kept for each component (keepY) was chosen based 699 
on the number of variables that were trending or significant in the adonis analyses. A range of values 700 
between 20 and 40 was tested for the number of explanatory variables to be kept on each component 701 
(keepX) and showed results robust to keepX. We set keepX to 25 in the sPLS for each body site. We 702 
made an informed choice of 3 relevant components by implementing the perf() function. Subsequently, 703 
we used the cim() function (clustering method “complete linkage” and the distance method “Pearson’s 704 
correlation”) for hierarchical clustering based on the sPLS regression models for each body site. Thereby, 705 
matrices of coefficients indicating correlations between ASV abundances and continuous clinical and 706 
immune parameters were obtained.  707 
Next, we performed canonical correspondence analysis, which allows the inclusion of both categorical 708 
and continuous clinical and immune parameters and the assessment of their bidirectional relations to 709 
log+1 transformed ASV abundances. We included continuous variables and ASVs that exhibited a 710 
correlation of >0.3/<-0.3 in the sPLS analysis for the respective body sites into the CCpnA, and in 711 
addition categorical variables were included. We used the the cca() function in package vegan [58]. We 712 
visualized  the CCpnA results as a triplot. Plot dimensions were set to correspond in length to the 713 
percentage of variance explained by each axis. We used the function anova.cca() in vegan [58] to test in 714 
ANOVAs whether the CCpnA models were overall significant, as well as whether the dimensions, and the 715 
variables were significant, respectively. 716 
 717 
 718 
 719 
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List of abbreviations 720 
ALT: Alanine transaminase 721 
ASV: Amplicon sequence variant 722 
CCpnA: Canonical correspondence analysis 723 
CRP: C-reactive protein 724 
HL: Hodgkin lymphoma 725 
HSCT: Hematopoietic stem cell transplantation 726 
LIA: Latex immunoturbidimetric assay 727 
MM: Multiple myeloma 728 
NHL: Non-Hodgkin lymphomas 729 
PCoA: Principal Coordinates Analysis 730 
sPLS: Sparse partial least squares analysis 731 
T2DM: Diabetes mellitus type 2 732 
TH17 cell: T helper 17 cell 733 
Treg cell: T regulatory cell  734 
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5. Discussion 

5.1 Microbiota reconstitution: Temporal dynamics of bacterial diversity and 
bacterial abundances in HSCT 

In all studies included in this thesis, we assessed bacterial alpha diversity over time before, at the time of, 
and after HSCT. Common to both, allo- and auto-HSCT, as well as to the gut, oral, and nasal sites, was a 
minimum in diversity within the first three weeks post transplantation, demonstrated by us and others 
[Masche I, II, and III] [150, 151, 184]. The loss of diversity in the gut after autologous HSCT follows a 
pattern similar to allogeneic HSCT, with minimum diversity occurring within the first two weeks after 
transplantation [Masche I, II, and III] [184]. In adult autologous HSCT patients, gut bacterial diversity 
returned to levels comparable to before HSCT after one month [Masche III] [184], while recovery was first 
observed after three to six months post transplantation in pediatric allogeneic HSCT patients [Masche II] 
[152]. Besides differences in patient age, underlying primary diseases, and antibiotic regimen in the 
allogeneic and autologous cohorts, differences in conditioning regimen might also be of importance to 
explain the disparity in diversity recovery. None of the autologous patients in our third study underwent 
TBI as part of their conditioning regimen whereas 21% and 33% of allogeneic patients received TBI in our 
first and second study, respectively [Masche I, II, and III]. Studies have shown that radiation diminishes 
intestinal bacterial count in mice and reduces bacterial diversity in human cancer patients, and indicate 
that this is independent of chemotherapy [220, 221]. Therefore, one could speculate that the absence of 
TBI in auto-HSCT patients in our third study might benefit a rapid recovery of gut bacterial diversity. 
Furthermore, loss of diversity in allo-HSCT is most pronounced in patients with GvHD [154, 156]. 
Therefore, the occurrence of GvHD and potentially the accompanying immunosuppressive treatment 
might account in part for the later recovery in allo-HSCT compared with auto-HSCT. In addition, our 
findings encourage further research elucidating to which extent the mode of transplantation itself 
(allogeneic versus autologous) might be of relevance to alpha diversity recovery. With regards to 
understanding immune-microbial interactions on a larger scale, it has been demonstrated that a co-
evolved host-specific (human versus mouse) microbiota is crucial for immune system maturation [5]. It 
could be of interest to further investigate whether host-specificity extents to the individual level to a 
certain degree. In this light, one could speculate that quicker recovery of diversity indicates a more rapid 
re-establishment of immune-microbial homeostasis when the host’s own cells (auto-HSCT) versus foreign 
cells (allo-HSCT) are infused. With regards to other body sites, oral bacterial diversity seems to follow a 
similar temporal sequence of recovery as seen in the gut, with return to pre-transplant like levels after 
three months (allo-HSCT) and one month (auto-HSCT), respectively [Masche II and III]. Differences in nasal 
bacterial diversity changes in allo- versus auto-HSCT are suggestively less pronounced [Masche II and III]. 
Independent of transplantation mode, the diversity at this site recovered more rapidly compared with the 
gut, and the oral cavity, within two weeks post-transplant as observed in our second and third studies 
[Masche II and III].  
In addition to alpha diversity as an approximate marker of microbial homeostasis, specific taxa have been 
described by us and others, which typically increase or decrease during the first month after allo-HSCT 
[Masche I and II] [150, 151, 154, 161, 163, 222]. Individual taxa and respective indications for their 
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expansion or depletion have been discussed and reviewed in Masche I and II, and in paragraph 2.5. While 
the majority of studies have reported changes in bacterial abundances early after allo-HSCT, few studies 
so far have investigated long-term dynamics exceeding the first month post-transplant [Masche II] [163]. 
Our second study provides insight into microbial abundance trajectories until up to twelve months post 
allo-HSCT [Masche II]. We utilized a novel phylogenetically-informed classification method to identify 
groups of closely related ASVs with temporal abundance trajectories best discriminating between time 
points [Masche II] [218]. We found that regardless of the directionality of abundance changes (referred 
to as ‘smile’- and ‘frown’-shaped trajectories in Masche II), reconstitution of pre-transplant like 
abundance levels consistently occurred starting from three months post HSCT [Masche II]. While we have 
discussed the abundance changes of relevant taxa with regards to differences in immune and clinical 
markers in our second study, the ‘three months’-time point seems to exhibit potential as a consistent 
temporal threshold for microbiota reconstitution after allo-HSCT [Masche II]. In this context, it is 
interesting to observe the recent focus on fecal microbiota transplantation (FMT) as a therapeutic 
approach to re-establish microbial homeostasis after allo-HSCT [222–224]. Interestingly, one study 
demonstrated reconstitution of pre-transplant bacterial alpha diversity and community structure 
following autologous FMT at day +49 after allo-HSCT in adult patients [222]. The study states that an 
increase in gut bacterial diversity at this time point is too a lesser degree, and with a compromised 
functional repertoire of the microbiota, also observed in the control group (without FMT) [222]. In our 
second study, we illustrated recovery of diversity and abundances of distinct ASVs towards pre-transplant 
levels in children approximately two months later without FMT intervention (‘three months’ time point, 
median day + 92) [Masche II]. While FMT might accelerate microbiota reconstitution and restore 
commensal functionality in allo-HSCT, our study highlights the importance of carefully evaluating 
intervention-free abundance trajectories, and possibly provides candidates for microbial markers of 
reconstitution in high taxonomic resolution (i.e. ASVs) [Masche II]. Of note, this comparison needs to be 
interpreted with caution as temporal succession of microbiota recovery might differ in pediatric compared 
with adult patients.  

5.2 Host-gut microbial associations in HSCT  

5.2.1 The gut microbiota is associated with immune reconstitution after allogeneic HSCT  

In the first two studies, we revealed associations between the gut microbial community structure and 
immune cell counts, immune markers, and clinical outcomes in children undergoing allogeneic HSCT 
[Masche I and II]. The study populations were comparable (pediatric patients with primarily malignant 
hematological diseases). However, the two studies differed to a certain extent in the immune cell types 
and immune markers that were examined. We observed correlations between counts of distinct immune 
cell types and gut microbial abundances in both studies [Masche I and II]. In particular, NK cells and B cells 
in month +1 and thereafter were correlated with high counts of obligate anaerobes, including 
Ruminococcaceae and Lachnospiraceae [Masche I and II]. In our first study, we showed that the patients 
with these characteristics had milder aGvHD and higher survival. Consistently, these positive outcomes 
are associated with microbial homeostasis and high bacterial alpha diversity, which in turn are linked to 
high abundances of Ruminococcaceae and Lachnospiraceae [153, 161]. We argued that the production of 
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SCFAs, in particular butyrate, by members of these bacterial families could limit inflammation and thereby 
prevent aGvHD to a certain extent, and that this might entail a direct or indirect effect on NK and B cell 
reconstitution [Masche I]. In agreement, a recent study found decreased fecal butyrate levels 14 days 
after allo-HSCT in patients with subsequent GvHD (grade I or higher) compared with patients without 
GvHD [171]. In our second study, we additionally examined immunoglobulin levels and found that high 
plasma IgA levels twelve months after HSCT was associated with rapid NK and B cell recovery, as well as 
high Ruminococcaceae and Lachnospiraceae abundances [Masche II]. This led us to suggest that butyrate 
might directly stimulate B cell differentiation into IgA-producing plasma cells, as previously shown in 
culture [63]. In line with this, a number of studies have attributed immune cell regulatory effects to 
butyrate, suggesting histone deacetylase inhibition as a universal mechanism [54, 172, 225]. Interestingly, 
histone deacetylase inhibition also has a mitigating effect on aGVHD after HSCT, in agreement with our 
observation of low aGvHD severity in the presence of butyrate-producers [Masche I] [226]. Vice versa, the 
absence of aGvHD and inflammation might also benefit the retention of low oxygen levels in the gut, 
favoring the growth of obligate anaerobe bacteria [57]. In our second study, the patients in question 
surprisingly had high mortality [Masche II]. However, only three patients (10% of the cohort) died during 
the monitored period of 21.4 months on average. In comparison, seven patients (19%) died during a 
longer follow-up period of 62.1 months on average in the first study, providing a slightly more balanced 
and potentially more reliable source [Masche I]. In addition, it has been demonstrated by us and others 
that antibiotic treatment has a pivotal impact on commensal community structure in HSCT patients, and 
especially on SCFA-producers, such as Ruminococcaceae and Lachnospiraceae [Masche I and II] [148, 160, 
164, 171]. Before the implementation of NGS-based characterization of the microbiota in HSCT, the 
practice of unspecific antibiotic-induced ‘gut decontamination’ was suggested to mitigate GvHD risk [146]. 
However, recent research questions this relation and indicates that the gain of preventing infections by 
antimicrobial prophylaxis might be compromised by adverse clinical outcomes such as GvHD and TRM 
that accompany the loss of specific commensal taxa [Masche I] [148, 164, 171, 227].  

5.2.2 Host-gut microbial associations in autologous HSCT – The relevance of obligate anaerobes 
across transplantation modes 

In the third study of this thesis [Masche III], we described host-gut microbial associations in autologous 
HSCT recipients. As discussed in paragraph 3.1, the autologous cohort differed from the allogeneic group 
e.g. in age (adult auto-HSCT patients versus pediatric allo-HSCT patients), conditioning regimens, 
diagnoses, and use of immunosuppressive treatment. Nevertheless, the commonalities and disparities of 
allogeneic and autologous host-gut microbial associations will be discussed in this paragraph with 
attention to the underlying differences between the two cohorts.  
Concerning the overall gut microbial composition, we observed a slight decrease in Ruminococcaceae and 
Lachnospiraceae in week +1 after auto-HSCT [Masche III] as well as after allo-HSCT [Masche II], which is 
consistent with what others have previously found [153, 167]. In allogeneic HSCT, it has been shown 
previously that this decrease is most pronounced in aGvHD patients [162, 164]. The findings of our first 
study [Masche I] were in line with this and potential explanations for the link of these bacterial families 
and aGvHD severity have been illustrated in paragraph 5.2.1. In this light, it is interesting to observe a 
likewise reduction of Ruminococcaceae and Lachnospiraceae in auto-HSCT patients, who have a much 
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lower GvHD incidence due to absence of immunological disparity between graft- and host-derived cells 
[Masche III] [228]. In the autologous cohort, we found high abundances of Ruminococcaceae and 
Lachnospiraceae, predominantly in month +1 and thereafter, to be associated with markers previously 
related to rapid neutrophil recovery [Masche III] [229, 230]. In particular, these were low levels of plasma 
phosphate, pointing to increased phosphate uptake by replicating neutrophils, and high reticulocyte 
counts [Masche III] [229, 230].  
Furthermore, we observed an expansion of Enterococcaceae in week +1 after auto-HSCT, similar to what 
has been described for allo-HSCT by us and others [Masche II] [148, 154, 161]. It has been demonstrated 
that enterococcal expansion in adult patients is primarily driven by antimicrobial treatment, particularly 
by ciprofloaxacin and metronidazole gavage [148, 154]. Prophylactic antibiotic regimens preceded both, 
allo- and auto-HSCT in our studies [Masche I, II, and III]. Therefore, our findings indicate that the 
proportion of this taxonomic family increases after both, allogeneic and autologous HSCT, possibly 
independent of the mode of transplantation. Of note, antibiotic treatment regimens differed between the 
allogeneic and autologous cohorts, but no antimicrobial agent was directly associated with high 
abundances of Enterococcaceae in any of our studies [Masche I, II, and III].  

5.3 Beyond the gut – The role of the oral and nasal microbiota in allogeneic and 
autologous HSCT  

The gut is clearly the microbial niche most studied in HSCT patients [149]. Other body sites, such as the 
oral cavity have been described in few studies via culture- or microarray-based methods in adult allo-HSCT 
patients [181–183] and recently in pediatric allo- and adult auto-HSCT patients through NGS [Masche II 
and III]. In our second study, we were able to discriminate oral microbiota profiles at different time points 
prior to and post allo-HSCT by the abundances of distinct Actinomycetaceae, Streptococcaceae, and 
Prevotellaceae ASVs [Masche II]. The temporal trajectories of certain Prevotellaceae ASVs showed 
reduced abundances after allo-HSCT in pediatric patients [Masche II]. Prevotella spp. have also been 
described to decrease in adult patients after allo-HSCT [183]. The abundance of a certain Prevotella spp. 
ASVs prior to pediatric allo-HSCT and after twelve months was positively correlated with concurrent high 
plasma albumin levels, which indicates a good nutritional status [Masche II] [183]. However, high pre-
transplant abundances of a different oral ASV affiliated with Prevotella melaninogenica predicted 
subsequent moderate to severe aGvHD [Masche II]. Increased abundance of P. melaninogenica has been 
reported in adult patients with Crohn’s disease (CD), a chronic inflammatory disorder of the intestinal 
tract, compared with healthy controls [231]. Both, CD and GvHD exhibit impaired gut epithelial barrier 
function and a high inflammatory burden [99, 178]. A potential explanation for the involvement of 
Prevotella in inflammatory conditions is its ability to promote mucosal and systemic inflammation by 
stimulating TH17 cells [Masche II] [232, 233]. However, this has been described mainly for Prevotella 
nigrescens [233]. Interestingly, high abundances of both, P. melaninogenica and P. nigrescens ASVs in the 
oral cavity were associated with high Treg and TH17 cell counts in adult autologous-HSCT patients [Masche 
III]. Moreover, this association was accompanied by high abundances of an ASV affiliated with 
Fusobacterium nucleatum [Masche III]. In adult allo-HSCT patients, this species was found in lesions 
caused by oral mucositis, which is a common oral complication in relation to HSCT [234]. One could 
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speculate that differences in microbiota – immune cell interactions in allogeneic versus autologous HSCT 
patients are to a certain extent dependent on the origin of the stem cells from which for instance T cells 
derived (donor- vs. self-derived). Whether the microbiota has a greater modulatory affinity towards 
recipient-derived immune cells will have to be mechanistically elucidated in future research. Taken 
together, these observations in distinct groups of patients varying in age and mode of transplantation 
indicate that Prevotella might play a universal role in regulating inflammation in HSCT [Masche II and III]. 
However, 16S rRNA gene profiling might not provide a taxonomic resolution high enough to determine 
which particular members of the Prevotellaceae family are responsible for pro-inflammatory signaling and 
which might point to microbial homeostasis, but suggest ambiguous influences potentially depending on 
the particular species, if not the strain.  
Interestingly, host-microbial associations of the oral and nasal microbiota in both, allogeneic and 
autologous HSCT reflected host-gut microbial associations to a large extent. Associations were shared 
between body sites in the sense that the same sets of specific immune cell types or immune markers 
exhibited correlations with the microbiota at two or three sites. For instance, CD4+ T cell and TH17 cell 
counts in pediatric allogeneic-HSCT patients were associated with a group of Ruminococcaceae and 
Lachnospiraceae in the gut, as well as with a group of Veillonellaceae in the nasal cavity, and a diverse 
group of taxa including Flavobacteriaceae in the oral cavity [Masche II]. This might indicated pro-
inflammatory immunomodulatory involvement of the microbiota at multiple body sites as discussed in 
more detail in our second study [Masche II]. In adult autologous patients, we could similarly show shared 
associations. For instance, high reticulocyte counts and low plasma phosphate levels were associated with 
Ruminococcaceae and Lachnospiraceae in the gut (as discussed in paragraph 5.2.2), and with 
Moraxellaceae and Corynebacteriaceae in the nasal cavity, as well as e.g. Prevotellaceae in the oral cavity 
[Masche III]. This might serve as an example for microbiota in different niches and their shared 
correlations with immune markers in HSCT. However, in some cases these associations were strongly 
dependent on the patients’ clinical baseline parameters. For instance, the described association in auto-
HSCT patients exhibited the mentioned gut microbial pattern primarily in Non-Hodgkin lymphoma 
patients, while the nasal and oral microbial patterns were dominating in multiple myeloma patients 
[Masche III]. Taken together, we demonstrated similarities of host-microbiota associations between 
multiple body sites in both, allo- and auto-HSCT, in line with what has recently been shown in CD patients 
[Masche II and III] [235].  
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5.4 Prediction of aGvHD from pre-transplant Lactobacillus sp. and other gut, oral, 
and nasal microbial taxa  

In the two studies comprising allogeneic HSCT patients, we have illustrated changes in the gut microbiota 
preceding and following aGvHD onset [Masche I], and identified gut microbiota members with predictive 
potential for subsequent aGvHD [Masche II]. In the first study, we observed high Lactobacillaceae 
abundances in patients with moderate to severe aGvHD (grade II-IV) [Masche I]. When looking in more 
detail into the temporal succession of this association, we found that Lactobacillaceae expanded after the 
onset of aGvHD in patients who later died due to relapse [Masche I]. In contrast, an increase prior to 
aGvHD onset was observed in patients who were still alive after on average five years [Masche I]. In line 
with this, we were able to show in Masche II that high abundances of a specific Lactobacillus sp. ASV 
before HSCT and up to the time of transplantation predicts the development of moderate to severe 
aGvHD. Because only 3 patients (10%) died during the average follow-up time of 21 months on average in 
the second study, it was not possible to evaluate the predictive potential for survival. Our findings in the 
first study indicate that Lactobacillaceae expansion might be part of a protective effect in reaction to 
microbial community disruption and inflammation [Masche I]. We argued that the concurrent high levels 
of the antimicrobial peptide hBD2 might point to both, a high burden of inflammation and a high number 
of opportunistic pathogen infections in the patients in question [Masche I]. It has been suggested 
previously that specific probiotic Lactobacillus spp. can induce the secretion of hBD2 in immune cells [236, 
237]. Microbial community disruption after HSCT has been associated with an increase in Enterococcaceae 
in a number of studies [59, 154, 161]. It has been suggested that a concurrent increase in Lactobacillaceae 
limits Enterococcaceae expansion [161]. This could be interpreted as a protective reaction to facilitate the 
re-establishment of microbial homeostasis. Consistently, we have identified temporal trajectories of 
closely phylogenetically related Lactobacillaceae ASV with the use of the tree-based sparse linear 
discriminant analysis (LDA) in the second study, showing an increase immediately after HSCT that reflects 
the trajectory of Enterococcaceae [Masche II]. In summary, the immunomodulatory characteristics 
attributed to Lactobacillaceae and its abundance patterns revealed by us and others suggest this family 
as a potential marker of a state of inflammation and loss of microbial homeostasis prior to and at the time 
of allo-HSCT, which might predispose to aGvHD. Moreover, we have for the first time to our knowledge 
identified a specific ASV that allows us to predict aGvHD from preceding gut microbial abundances, which 
might serve as a starting point for further specific hypothesis-driven investigations [Masche II].  
We have identified additional gut ASVs that might have a predictive value in aGvHD, including a 
Parabacteroides spp. ASV and an ASV affiliated with the Lachnospiraceae family [Masche II]. Furthermore, 
we demonstrated that pre-transplant abundances of oral and nasal microbiota members could predict 
subsequent aGvHD.  
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5.5 Strengths and limitations 

The major strength of the work presented in this thesis constitutes the longitudinal study design. In 
contrast to describing the microbiota at single or few time points, repeated sampling allowed us to gain 
insight into temporal dynamics of diversity and microbial abundance changes. Another strength of this 
work is the characterization of the microbiota at non-intestinal sites in HSCT patients, expanding our view 
on microbial dynamics and host-microbial interactions that are hitherto best described for the gut 
microbiota. With regards to our analysis strategies, the use of multivariate multi-table approaches robust 
enough to tolerate a certain degree of collinearity and noise allowed us to integrate and analyze different 
heterogeneous data types (OTU/ASV count data, continuous and categorical metadata) jointly, and 
thereby draw a holistic picture of host-microbial interactions in HSCT patients. Moreover, choosing 
methods that induce sparsity constraints, such as tree-based sparse LDA and sparse partial least squares 
(sPLS) regression, allowed us to reduce dimensionality and thereby increase interpretability in relation to 
OTU/ASV count data. At the same time, these methods aim at minimizing the loss of information from the 
high-dimensional data.  
However, the work presented here also has limitations and weaknesses. Despite a reasonable number of 
fecal and swab samples obtained by longitudinal collection, these samples originated from a limited 
number of patients, especially in the autologous cohort. Repeated measurements limit statistical power 
and warrant caution concerning statistical testing, which we accounted for by using appropriate 
approaches, such as Friedman tests. Another issue is the heterogeneity of the patient populations. HSCT 
is employed as a curative approach for various conditions, such as hematologic malignancies, severe non-
malignant diseases, and primary immunodeficiencies. Conditioning regimens and transplantation 
modalities differ depending on the diagnosis, and so do risks for certain adverse outcomes after 
transplantation. Therefore, conclusions about microbial patterns common to all HSCT patients cannot be 
drawn without carefully taking into account these underlying differences as possible confounders. Even 
though we did so in our analyses and we have pointed out potential confounders in the presented studies, 
certain diagnoses and treatment regimens were only represented by few individual patients within our 
cohorts. Therefore, larger studies with higher patient numbers are necessary to account for heterogeneity 
in the patient populations more reliably and to validate our findings. Furthermore, it should be noted that 
our analyses approaches did not by any means serve the purpose or raise the claim to reveal causal host-
microbial effects, but rather to assess whether there are associations or correlations between microbial 
abundances and host parameters or clinical outcomes. This encompasses also the prediction of aGVHD 
severity from pre-HSCT microbial abundances. However, our studies provide a number of starting points 
for targeted hypothesis-driven investigations of host-microbial interactions. Moreover, the limited 
availability of certain data has posed challenges for drawing conclusions. For instance, the investigation 
of immune cell reconstitution in the autologous cohort was limited by the lack of data on T, B, and NK cell 
counts. In the allogeneic cohorts, we did not have sufficient data on chronic GvHD at hand. Further 
research is therefore needed to examine the role of the microbiota in relation to chronic GvHD, especially 
with regards to B cell reconstitution.  
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6. Conclusions 
Corresponding to the key questions of this PhD project stated in chapter 1, the following general 
conclusions can be drawn from the presented work: 
 
 

1. After allogeneic and autologous HSCT, the diversity of the gut, oral, and nasal microbiota 
decreases. Specific bacterial taxa expand or decrease in abundance after HSCT and successively 
regain their initial abundance levels. Abundances of these taxa exhibit correlations with adaptive 
immune cell counts, pointing to specific interactions between the microbiota and the adaptive 
immune system with regards to maintaining homeostasis. 
 
 

2. Innate immune components exhibit correlations with gut, oral, and nasal bacterial abundances 
before, at the time of and after allogeneic and autologous HSCT. This suggests specific interactions 
between the microbiota and the innate immune system with regards to maintaining homeostasis. 
 
 

3. The abundances of specific gut, oral, and nasal taxa in both, allogeneic and autologous HSCT 
correlate with immune markers and HSCT-associated side effects, such as infections and aGvHD 
before, at the time of and after HSCT. Pre-transplant abundances of distinct taxa at all three body 
sites are predictive for acute GvHD after allogeneic HSCT.  
 
 

4. Whether the abundances of specific gut, oral, and nasal taxa in allogeneic and autologous HSCT 
correlate with clinical outcomes, such as relapse and survival, was difficult to determine 
conclusively due to a limited number of patients and a limited number of observed adverse events 
(relapse, death) during the monitored periods. 
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7. Future perspectives  
This thesis includes one of the first comprehensive characterizations of long-term dynamics of microbial 
abundances in HSCT and suggests that the period between the well described first month post allo-HSCT, 
and the third month is crucial for microbiota reconstitution [Masche II]. To determine in more detail the 
temporal abundance trajectories from month +1 to month +3, a denser sampling schedule between those 
time points is recommendable for future research. Whether health-associated taxa, such as 
Lachnospiraceae and Ruminococcacea, return to pre-HSCT abundances within the expected time post-
transplant could then for instance inform the decision if FMT is necessary to prevent adverse outcomes.  
Furthermore, we demonstrated an association between these taxa and time to immune reconstitution 
after allo-HSCT, which highlights the concern about their antibiotic-induced depletion [Masche I and II]. 
In this light, especially the extensive use of antimicrobial agents, such as vancomycin, ciprofloxacin, and 
metronidazole, which target obligate anaerobes might have to be reevaluated in the future [Masche I] 
[148, 160]. 
For autologous HSCT, our findings suggest that Ruminococcaceae and Lachnospiraceae could possibly 
serve as a marker for neutrophil recovery, in addition to aGvHD in allogeneic HSCT [Masche III]. However, 
directionality and temporal succession of these associations remain to be investigated in more detail, 
preferably in a larger cohort. In addition to comparing host-microbial associations in allogeneic and 
autologous HSCT, future studies should aim at disentangling transplantation- and conditioning-related 
effects. Investigating host-microbial associations in a control group of patients who receive chemotherapy 
and/or TBI, but do not undergo HSCT is therefore recommendable and originally was part of the project 
plan for this thesis.  
We showed that the microbiota at different body sites exhibited shared associations with immune 
markers in both, allo- and auto-HSCT [Masche II and III]. Collection of buccal and anterior naris swabs has 
the advantage of increased feasibility compared with fecal samples, especially during clinical routine, since 
it does not depend on patients’ bowel movements, and patient compliance for sample collection might 
be higher. This might provide new opportunities for establishing regular screening of the microbiota to 
use microbial markers for informed preventive management of adverse clinical outcomes in HSCT. 
However, inferences between body sites need to be interpreted with caution and under consideration of 
clinical baseline parameters, e.g. primary disease. The inclusion of oral mucositis scoring data would be of 
great interest for further assessment of the oral microbiota in HSCT, since our findings suggest the 
importance of a number of taxa with potential involvement in this condition [Masche II and III]. 
Other studies have related gut microbial abundances to aGvHD severity before [156, 159, 162, 163, 238]. 
However, as we argued in Masche II, previous findings were mostly based on regression or correlation 
analyses and/or considered microbial abundances close to, concurrent to or after aGvHD onset, limiting 
the options for early interventions in the clinic. Certainly, our results, especially the machine learning 
models, need to be validated in an additional independent, preferably larger cohort. However, our 
findings might open up opportunities to use specific bacterial taxa, such as intestinal Lactobacillus, as early 
microbial predictive markers for GvHD and potentially also other clinical outcomes [Masche I and II]. This 
could facilitate early interventions in the clinic for patients at increased risk of adverse clinical outcomes. 
We might in the future be able to make use of the predictive potential of especially oral and nasal taxa 
since swab collection might facilitate frequent and rapid microbiota screening in the clinic.   
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Appendix  

Supplementary Material – Manuscript I 

 
Additional file 1: Table S1. Clinical patient characteristics. General patient characteristics, conditioning regimens, 
complications, and outcomes for the pediatric cohort (n=37) and the subcohort (n=30) for which the intestinal 
microbiome was characterized. Abbreviations: HLA, human leukocyte antigen; TBI, total body irradiation; CY, 
Cyclophosphamide; VP16, Etoposide; BU, Busulfan; MEL, Melphalan; GvHD, graft-versus-host disease. 
 

Characteristics Number of 
patients (all) 

Percentag
e of all 
patients 
(%) 

Number of 
patients (Sub-
cohort for 
which the 
microbiota was 
characterized) 

Percentage 
of sub-
cohort (%) 

Transplant recipients  37 100 30* 81.1 

Average recipient age in years  8.2 (Range: 
1.1-18.0) 

NA 
 

7.8 (Range: 1.1-
16.5) 

NA 
 

Intestinal 
microbiome 
characterized  

At 1-2 timepoints NA 
 

NA 
 

8 26.7 

At 3-4 timepoints NA 
 

NA 
 

15 50 

At 5-6 timepoints NA 
 

NA 
 

8 26.7 

Patient sex Female 15 40.5 12 40 
Male 22 59.5 18 60 

Disease at 
transplantation 

malignant 
hematologic diseases 

23 62.2 17 56.7 

Severe aplastic 
anemia 

5 13.5 5 16.7 

Other benign 
disorders including 
immunodeficiencies 

9 24.3 8 26.7 

Donor type HLA-matched sibling 7 18.9 6 20  
HLA-matched 
unrelated donor (9/10 
or 10/10 match) 

27 73 22 73.3 

 HLA-mismatched 
umbilical cord blood 
donor (8/10 match) 

3 8.1 2 6.7 

Stem cell source Bone marrow 30 81.1 25 83.3 
Umbilical cord blood 4 10.8 3 10 
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Peripheral blood 2 5.4 1 3.3 
Bone marrow and 
umbilical cord blood 

1 2.7 1 3.3 

Conditioning regimen TBI + CY  / TBI + VP16 10 27.1 10 33.3 
 

Combinations of BU, 
CY, VP16 and MEL 

18 48.7 12 40 

Fludarabine-based 
conditioning 

9 24.3 8 26.7 

Anti-thymocyte globulin treatment 28 75.7 23 76.7 
Antibiotics pre- and post-HSCT 37 100 30 100 
Sex mismatch (female donor to male recipient) 4 10 3 10 
Acute GvHD Grade 0-I 26 70.3 22 73.3 

Grade II-IV 11 29.2 8 26.7 
Chronic GvHD within 24 months 8 18.9 5 16.7 
Bacterial infections At least one registered 

bacterial infection  
25 67.6 19 63.3 

No registered 
bacterial infection  

12 32.4 11 36.7 

Overall Survival**  Alive  30 81.1 24 80 
Dead  7 18.9 6 20 

Relapse of primary malignancy 6 16.2 7 23.3 
Non-relapse mortality  2 5.4 1 3.3 
Re-transplantation 3 8.1 4 13.3 
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Additional file 2: Figure S1. Temporal patterns of immune markers and immune cells in HSCT patients. (A) C-
reactive protein (CRP) and plasma citrulline levels in HSCT patients (n = 37) over time. CRP levels were significantly 
higher prior to HSCT and until week +2 compared to all following time points, e.g. at the day of HSCT (median: 16.93 
mg/L, range: 1.22 - 85.28 mg/L) compared to week +3 (median: 3.92 mg/L, range: 1.22 - 55.89 mg/L) (P < 0.001). 
Plasma citrulline levels were significantly lower in week +1 compared to pre-HSCT (P < 0.001) and week +3 (P < 
0.001).  (B) Immune cell counts in HSCT patients over time. Monocyte counts are depicted at more time points than 
indicated in Figure 1A, because not all time points were included into further analyses (see Methods). NK cell counts 
were higher in months +2 to +6 compared to in month +1 (P < 0.001). B cell counts as well as CD4+ T cell counts 
increased steadily from month +1 to month +6 (P < 0.001). Y -axes in all plots, except for citrulline, were log10-
transformed for better visualization. Zeros were replaced with 1 to avoid undefined values on the log-transformed 
axes. Asterisks indicate whether the component at each respective time point was significantly different from any 
of the other time points (showing the maximum significance level). * P < 0.05, ** P < 0.01 and *** P < 0.001.  
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Additional file 3: Table S2. Results of Permutational Multivariate Analysis of Variance Using Distance Matrices 
(adonis). Adonis was employed for model selection to identify relevant immune markers and immune cell types to 
be included in downstream analyses (See Methods for details). Significant variables (P<0.05) are marked in bold. 
Abbreviations: hBD2_sim, plasma human beta-defensin 2 levels at time points simultaneous to microbiome 
characterization; CRP_sim, C-reactive protein levels at time points simultaneous to microbiome characterization; 
Lymphocyte_count_sim, total lymphocyte counts at time points simultaneous to microbiome characterization; pIL6, 
plasma interleukin 6 concentration; Citr, plasma citrulline concentration; CD3+, CD3+ T cell counts; CD4+, CD3+CD4+ 
T cell counts;  CD8+, CD3+CD8+ T cell counts; B, total B cell (CD45+CD19+) counts; mat_B, mature B cell 
(CD45+CD19+CD20+) counts. immat_B, immature B cell (CD45+CD19+CD20-) counts; NK, natural killer cell counts; 
mean_mono, mean monocyte counts at indicated time point; mean_neutro, mean neutrophil counts at indicated 
time point; Timepoints: pre, prior to transplantation; w0, on the day of transplantation; w1, w2, w3, w4, w5: one, 
two, three, four and five weeks after transplantation, respectively; m1, m2, m3, m4, m6: one, two, three, four and 
six months after transplantation, respectively; 1y, 1 year post transplantation.  
 

Variable SumOfSqs F P-value 
hBD2_sim 9763 0.4635  0.915 
hbd2_pre 89958 4.3373  0.001 
hbd2_w0 39432 1.9012  0.037 
hbd2_w1 62425 3.0098  0.007 
hbd2_w2 70010 3.3755 0.004 
hbd2_w3 32106 1.5480 0.088 
hbd2_m2 33806 1.6300 0.104 
CRP_sim 28707 1.3629  0.015 
CRP_pre 15714 0.8102 0.631 
CRP_w0 22573 1.1639 0.280 
CRP_w1 51055 2.6324 0.011 
CRP_w2 34122 1.7593 0.098 
CRP_w3 41269 2.1278 0.055 
CRP_m1 27106 1.3976 0.169 
CRP_w5 41965 2.1637 0.026 
CRP_w6 38860 2.0036 0.029 
CRP_m2 31527 1.6255 0.095 
CRP_m3 39972 2.0610 0.034 
CRP_m4 23961 1.2354 0.252 
CRP_m6 39945 2.0596 0.024 
pIL6_w1 23180 1.1431 0.311 
Citr_pre 78105 3.8519 0.002 
Citr_w1 42029 2.0727 0.021 
Citr_w3 33872 1.6705 0.069 
CD3+_m1 28654 1.4500 0.123 
CD3+_m2 17891 0.9054 0.501 
CD4+_m1 30266 1.5316 0.090 
CD4+_m2 38132 1.9296 0.037 



161 
 

CD8+_m1 38615 1.9541 0.029 
CD8+_m2 21275 1.0766 0.337 
B_m1 26588 1.3454 0.166 
B_m2 41803 2.1154 0.025 
mat_B_m1 26622 1.3472 0.167 
mat_B_m2 41697 2.1100 0.027 
immat_B_m1 28078 1.4208 0.133 
immat_B _m2 40142 2.0313 0.029 
NK_m1 63891 3.2331 0.002 
NK_m2 44566 2.2552 0.020 
Lymphocyte_count_sim 21541 1.0227 0.610 
Lymphocyte_m2 22196 1.1232 0.324 
Lymphocyte_m3 24450 1.2373 0.224 
Lymphocyte_m6 26278 1.3298 0.177 
Lymphocyte_1y 29658 1.5008 0.114 
mean_mono_pre 47349 2.3109 0.013 
mean_mono_w3 64242 3.1353 0.002 
mean_mono_m1 17924 0.8748 0.561 
mean_mono_m2 25930 1.2655 0.187 
mean_mono_m3 18269 0.8916 0.516 
mean_mono_m6 1579 0.7708 0.654 
mean_neutro_pre 25198 1.2298 0.225 
mean_neutro_w3 31161 1.5208 0.149 
mean_neutro_m1 29036 1.4171 0.137 
mean_neutro_m2 16656 0.8129 0.611 
mean_neutro_m3 48466 2.3653 0.010 
mean_neutro_m6 15960 0.7789 0.653 
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Additional file 4: Table S3: Taxonomy and cluster affiliation of OTUs significantly associated with host-related 
variables based on sPLS analysis and community state typing (CST). List of the 57 OTUs correlated  strongest with 
variables in the sPLS analysis  (>0.2/<-0.2) . SPLS-based clusters were determined by applying the mixOmics cim() 
function to the sPLS regression model (hierarchical clustering method: complete linkage, distance method: Pearson’s 
correlation) (see Methods). Four community state types (CSTs) were defined by clustering of fecal samples with 
similar microbial community compositions by partitioning around medoid (PAM) clustering (see Methods). OTUs 
were then assigned to the CST-based clusters in which they exhibited the highest average abundance over all 
samples. The same taxonomic families dominated in sPLS- and CST-based clusters, respectively. Cluster 1 was 
dominated by Lactobacillaceae. Cluster 2 was characterized mainly by Ruminococcaceae and Lachnospiraceae. 
Cluster 3 harbored Proteobacteria (P), e. g. Enterobacteriaceae. CS-typing revealed one additional cluster (4), 
characterized by a high abundance of Enterococcaceae and Staphylococcaceae. OTU numbers refer to the SILVA 
database (silva_119_rep_set97). Phyla abbreviations: F, Firmicutes; B, Bacteroidetes; A, Actinobacteria; P, 
Proteobacteria; FU, Fusobacteria. 
 

OTU number Phylum Order Family Genus/Species/Description Cluster 

     sPLS CST 

HM534767.1 F  Lactobacillales Lactobacillaceae Lactobacillus sp. Akpobro1 1 1 

AF413523.1 F Lactobacillales Lactobacillaceae Lactobacillus pantheris 1 1 

KF751750.1 F Lactobacillales Lactobacillaceae Lactobacillus sp.  1 1 

AB257866.1 F Lactobacillales Lactobacillaceae Lactobacillus suebicus 1 1 

JX986976.1 F Lactobacillales Lactobacillaceae Lactobacillus aviarius subsp. 
araffinosus 

1 1 

GU451064.1 F Lactobacillales Lactobacillaceae Lactobacillus sp. 5-1-2 1 1 

EU774037.1 F Lactobacillales Lactobacillaceae Lactobacillus sp.  1 1 

FN667075.1 F Lactobacillales Lactobacillaceae Lactobacillus sp. 1 1 

EU461951.1 F Lactobacillales Streptococcaceae Streptococcus sp.  1 1 

EU460769.1 F Lactobacillales Lactobacillaceae Lactobacillus sp.  1 1 

KC836559.1 F Lactobacillales Streptococcaceae Streptococcus salivarius subsp. 
thermophilus 

1 1 

FJ749794.1 F Lactobacillales Lactobacillaceae Lactobacillus fermentum 1 1 

KF029502.1 F Lactobacillales Lactobacillaceae Lactobacillus casei 1 1 

AUFL01000034 B Bacteroidales Porphyromonadaceae Dysgonomonas 
capnocytophagoides DSM 22835 

1 1 

DQ801646.1 F Clostridiales Lachnospiraceae  uncultured bacterium 2 2 

EU246837.1 F Bacillales Staphylococcaceae Staphylococcus sp. Cobs2Tis23 2 4 

DQ804549.1 F Clostridiales Ruminococcaceae Faecalibacterium sp. 2 2 

FJ366680.1 A Bifidobacteriales Bifidobacteriaceae Bifidobacterium sp. 2 2 

HQ749687.1 F Clostridiales Ruminococcaceae  uncultured bacterium 2 2 

FJ753793.1 F Clostridiales Peptostreptococcaceae swine fecal bacterium RF1A-Xyl2 2 2 

DQ800353 F Clostridiales Lachnospiraceae Blautia sp. 2 2 

EU887971.1 F Clostridiales Ruminococcaceae uncultured Clostridia bacterium 2 2 

JQ608258.1 F Erysipelotrichales Erysipelotrichaceae bacterium NLAE-zl-C558 2 2 

AY850535.1  Bifidobacteriales Bifidobacteriaceae Bifidobacterium 
sp. 

2 2 
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DQ326608.1 F Clostridiales Ruminococcaceae  uncultured bacterium 2 2 

AJ272200.1 F Lactobacillales Enterococcaceae Enterococcus hirae 2 4 

EU508251.1 F Erysipelotrichales Erysipelotrichaceae  uncultured bacterium 2 2 

DQ807523.1 F Clostridiales Lachnospiraceae  uncultured bacterium 2 2 

CP001726 A Coriobacteriales Coriobacteriaceae Eggerthella lenta DSM 2243 2 2 

HQ794871.1 F Erysipelotrichales Erysipelotrichaceae uncultured organism 2 2 

JF193283.1 F Clostridiales Family XI Finegoldia sp. 2 2 

DQ802363.1 F Clostridiales Lachnospiraceae Blautia sp. 2 2 

GQ175428.1 F Clostridiales Ruminococcaceae  uncultured bacterium 2 2 

EU778851.1 F Clostridiales Ruminococcaceae Subdoligranulum sp. 2 2 

GQ133038.1 F Lactobacillales Enterococcaceae Enterococcus sp. 2 4 

JQ448431.1 F 
Lactobacillales Streptococcaceae Streptococcus sp. 

3 1 

JQ460192.1 B Bacteroidales Prevotellaceae Prevotella sp. 3 3 

M58833.1 F Lactobacillales Lactobacillaceae Pediococcus acidilactici 3 1 

HG799951.1 F Bacillales Staphylococcaceae Staphylococcus epidermidis 3 3 

JF235878.1 A Micrococcales Microbacteriaceae Naasia sp. 3 3 

JQ680457.1 A Corynebacteriales Corynebacteriaceae Corynebacterium sp. DYS15 3 3 

GQ379595.1 P Xanthomonadales Xanthomonadaceae Stenotrophomonas sp. 3 4 

AB787271.1 B Bacteroidales Bacteroidaceae Bacteroides sp. UasXn-3 3 3 

AOTI010230528.6 B Flavobacteriales Flavobacteriaceae Chryseobacterium Triticum urartu 3 3 

JF109069.1 F Bacillales Staphylococcaceae Staphylococcus sp. 3 3 

JX464212.1 F Bacillales Paenibacillaceae Paenibacillus sp. BJC15-C21 3 3 

HQ778412.1 B Bacteroidales Bacteroidaceae Bacteroides sp. 3 2 

FJ976590.1 P Enterobacteriales Enterobacteriaceae Enterobacter sp. LCR81 3 3 

KF178309.1 F Lactobacillales Lactobacillaceae Pediococcus pentosaceus 3 3 

HQ703879.1 F Lactobacillales Carnobacteriaceae Alkalibacterium sp. 3 3 

FJ950694.1 P Enterobacteriales Enterobacteriaceae Escherichia coli 3 3 

JF164165.1 F Bacillales Staphylococcaceae Staphylococcus sp. 3 3 

KC463799.1 P Enterobacteriales Enterobacteriaceae Klebsiella sp. 3 3 

JF146381.1 F Lactobacillales Streptococcaceae Streptococcus sp. 3 3 

AM900778.1 F Bacillales Paenibacillaceae Paenibacillus sp. PA215 3 3 

CBVB010000006 B Bacteroidales Bacteroidaceae bacterium MS4 3 3 

AB013258.1 P Neisseriales Neisseriaceae uncultured beta proteobacterium 3 3 

 
 



164 
 

 
 
 
Additional file 5: Figure S2. Canonical correspondence analysis (CCpnA) of immune markers and intestinal bacterial 
taxa in patients undergoing HSCT. Triplots showing dimension 1 and 2 of the CCpnA that includes continuous clinical 
variables (arrows), categorical variables (+), and OTUs (circles). Samples are depicted as triangles. OTUs with a 
correlation of >0.2/<-0.2 in the sPLS analysis were included in the CCpnA model. Only the variables and OTUs with a 
score >0.2/<-0.2 in at least one CCpnA dimension are shown. The OTUs in the CCpnA plots are colored according to 
the cluster they were affiliated with in the sPLS-based hierarchical clustering analysis, and the ellipses present an 
80% confidence interval, assuming normal distribution. (A) Full size visualization corresponding to the CCpnA model 
shown in Figure 4. Plot dimensions correspond to the explained variances of each component. (B) CCpnA including 
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antibiotic treatment at time points simultaneous to microbiome characterization. Antibiotics were added as 
categorical variables. Depiction of the antibiotic’s name (in red) indicates administration of the particular antibiotic, 
and the extension “_0” indicates no administration of the respective antibiotic. Abbreviations of variables are the 
same as in Figure 2. Further abbreviations: graft_BM: stem cell source bone marrow; graft_UC: stem cell source 
umbilical cord blood. 
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Additional file 6: Figure S3. Clustered image map (CIM) of OTU abundances by patient in the first two sPLS 
dimensions. Hierarchical clustering of OTU abundances (bottom) and patients’ fecal samples (right) (clustering 
method: complete linkage, distance method: Pearson’s correlation) was performed within the mixOmics cim() 
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function based on the sPLS regression model. High abundance of an OTU in a sample is represented as positive 
correlation in the map (red) and low abundance as negative correlation (blue). The sampling time points of the fecal 
samples are displayed in the side bar on the left (blue gradient from pre-HSCT time point (light blue) to week +5 post 
HSCT (dark blue)). The top side bar shows taxonomic information on family level. Sample names on the right indicate 
patient (P) and time point (pre: pre-HSCT, d0: day of HSCT, w: week). An “a” or “b” indicates that two samples were 
collected from the respective patient at the same time point, but on two different days. 
 
 
 

 
 
 
Additional file 7: Figure S4. Community state types and gut microbial patterns. Heat map of variance stabilized 
counts of the 50 most abundant OTUs of the intestinal microbiome over all samples, grouped into community state 
types (CSTs). Based on their OTU-composition, samples were assigned to community state types (CSTs) by 
partitioning around medoid (PAM) clustering using Bray-Curtis distance. The optimal number of clusters (k = 4) was 
estimated from the gap statistic and Silhouette width validation.  Members of the Lactobacillaceae family dominated 
the abundance profiles within CST 1. CST 2 exhibited domination by Lachnospiraceae, Erysipelotrichaceae and 
Ruminococcaceae members. Enterobacteriaceae, Streptococcaceae and Staphylococcacea were characteristic for 
CST 3. CST 4 was characterized by a high abundance of Enterococcaceae. Average Silhouette width was s(i) = 0.16 
(range: -0.02 – 0.36), with CST 1 and CST 4 being the best defined clusters (s(i) = 0.23 and 0.36, respectively). A 
Silhouette coefficient s(i) close to 1 indicates appropriate clustering of the respective samples. Sample names at the 
bottom indicate patient (P) and time point (pre: pre-HSCT, d0: day of HSCT, w: week). An “a” or “b” indicates that 
two samples were collected from the respective patient at the same time point, but on two different days. 
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Additional file 8: Figure S5. Longitudinal profiles of microbial community composition and immune markers in 
patients with aGvHD who survived. In three representative patients with moderate to severe aGvHD who survived, 
high abundance of Lactobacillaceae was observed already before aGvHD onset. None of the depicted patients had 
a bacterial infection recorded during the monitored period. InvSimpson, inverse Simpson diversity index; hBD2, 
human beta-defensin 2.  
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Additional file 9: Supplementary Discussion. Discussion concerning survival following high Lactobacillaceae 
abundances prior to the onset of aGvHD, and associations of adverse outcomes with Enterococcus compared with 
previous studies. 

 
Our results suggest that a high Lactobacillaceae abundance prior to the onset of aGvHD may point to a 1 
preventive effect, as these patients survived. A human clinical trial of Lactobacillus rhamnosus GG 2 
prebiotic gavage to HSCT patients at time of engraftment demonstrated no protection against GvHD [1]. 3 
This could mean that Lactobacillaceae may not play a key role in aGvHD development, at least not the 4 
particular Lactobacillus rhamnosus strain under the conditions used in this group of patients. However, 5 
the administered probiotic did not alter the abundance of Lactobacillus spp. in the patients’ guts [1], 6 
suggesting that the strain was not able to establish and proliferate in the host environment in this 7 
situation. An intrinsic increase of Lactobacillaceae prior to aGvHD onset, as observed here, therefore 8 
might still play a role in reducing aGvHD. A recent study related to the use of a probiotic given to infants 9 
to prevent sepsis suggested that the time point of application of a specific Lactobacillus sp. strain as a 10 
synbiotic played a critical role in positive clinical outcomes [2]. Furthermore, a study on gut microbial 11 
immunomodulation emphasized the importance of characterizing bacteria at the strain-level, because 12 
individual strains can have different modulatory effects on the immune system [3]. Therefore, it would be 13 
of great interest to determine the identity and predicted function of the specific Lactobacillus spp. strains 14 
in our patients, and in particular, in those who exhibited an early high abundance of Lactobacillus spp., as 15 
compared with those who experienced an expansion of Lactobacillus spp. after aGvHD and who later died.  16 
 17 
Interestingly, Enterococcus was not among the most relevant taxa identified by our multivariate analyses. 18 
Intestinal domination of Enterococcus spp. was not clearly associated with adverse outcomes in our 19 
subgroup of 30 patients, in contrast to previous findings [4–6]. It should be noted that these previous 20 
observations were made in adult allo-HSCT patients and were dependent on the type and amount of 21 
antimicrobial treatment. In addition, to elucidate this discrepancy further, we are currently characterizing 22 
Enterococcus isolates from fecal samples of our patient group, to gain insight into bacterial strain-level 23 
differences.  24 
 25 
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Supplementary Material – Manuscript II 

Supplementary Table 1. Patient characteristics. Abbreviations: HLA, human leukocyte antigen; TBI, total body 
irradiation; CY, Cyclophosphamide; VP16, Etoposide; BU, Busulfan; MEL, Melphalan; GvHD, graft-versus-host 
disease. 

Characteristics Number of 
patients 

Percentage of all 
patients (%) 

Transplant recipients 29 100 
Average recipient age in years 9.5 (Range: 

2.5-16.4) 
NA 

Gut microbiota characterized At ≤ 6 timepoints 9 31 
At 7-8 timepoints 13 44.8 
At 9-10 timepoints 7 24.1 

Oral microbiota chracterized At ≤ 6 timepoints 3 10.3 
At 7-8 timepoints 11 37.9 
At 9-10 timepoints 15 51.7 

Nasal microbiota chracterized At ≤ 6 timepoints 3 10.3 
At 7-8 timepoints 9 31 
At 9-10 timepoints 17 58.6 

Patient sex Female 13 44.8 
Male 16 55.2 

Disease at transplantation malignant hematologic 
diseases 

20 69 

Severe aplastic anemia 1 3.4 
Other benign disorders 
including 
immunodeficiencies 

8 27.6 

Donor type HLA-matched sibling 14 48.3 
HLA-matched unrelated 
donor (9/10 or 10/10 
match) 

12 41.4 

Haplo-identical related 
donor (≤8/10 match) 

3 10.3 

Stem cell source Bone marrow 23 79.3 
Umbilical cord blood 2 6.9 
Peripheral blood 4 13.8 

Conditioning regimen TBI + CY / TBI + VP16 6 20.7 
Combinations of BU, CY, 
VP16 and MEL 

6 20.7 

Fludarabine-thiothepa 
combinations 

12 41.4 

Other fludarabine-
based conditioning 

5 17.2 

Anti-thymocyte globulin treatment 16 55.2 
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Antibiotics pre- and post-HSCT 29 100 
Sex mismatch (female donor to male recipient) 7 24.1 
Acute GvHD Grade 0-I 20 69 

Grade II-IV 9 31 
Infections At least one registered 

bacterial infection 
25 86.2 

At least one registered 
viral infection 

29 100 

At least one registered 
fungal infection 

14 48.3 

Overall Survival* Alive 26 89.7 
Dead 3 10.3 

Relapse of primary disease* 2 6.9 
Non-relapse mortality 2 6.9 
Re-transplantation 1 3.4 

*Mean follow-up time after HSCT: 21.4 months (range: 10.1 – 32.7 months) 
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Supplementary Table 2. Taxonomy of LDA clade members and corresponding LDA-scores in the gut, oral 
cavity, and nasal cavity. 

ASV 
number 

Body 
site  

Phylum  Family Genus/Species/ 
Description 

LDA 
score 

Number of 
patients with 
presence of this 
ASV at ≥ 1 time 
point 

ASV_1 gut Firmicutes Enterococcaceae Enterococcus sp. 0.082 29 

ASV_30                         gut Firmicutes Enterococcaceae Enterococcus sp. 0.006 26 

ASV_158 gut Firmicutes Enterococcaceae Enterococcus sp. 0.006 13 

ASV_178 gut Firmicutes Enterococcaceae Enterococcus sp. 0.006 12 

ASV_344 gut Firmicutes Enterococcaceae Enterococcus sp. 0.006 8 

ASV_395 gut Firmicutes Enterococcaceae Enterococcus sp. 0.012 14 

ASV_424 gut Firmicutes Enterococcaceae Enterococcus sp. 0.012 9 

ASV_543 gut Firmicutes Enterococcaceae Enterococcus sp. 0.006 7 

ASV_552 gut Firmicutes Enterococcaceae Enterococcus avium 0.006 7 

ASV_720 gut Firmicutes Enterococcaceae Enterococcus sp. 0.078 15 

ASV_730 gut Firmicutes Enterococcaceae Enterococcus sp. 0.006 12 

ASV_784 gut Firmicutes Enterococcaceae Enterococcus sp. 0.006 8 

ASV_951 gut Firmicutes Enterococcaceae Enterococcus sp. 0.006 12 

ASV_1186 gut Firmicutes Enterococcaceae Melissococcus sp. 0.006 9 

ASV_3 gut Firmicutes Lactobacillaceae Lactobacillus sp. 0.011 26 

ASV_31 gut Firmicutes Lactobacillaceae Lactobacillus sp. 0.006 11 

ASV_67 gut Firmicutes Lactobacillaceae Lactobacillus sakei 0.006 15 

ASV_74 gut Firmicutes Lactobacillaceae Lactobacillus sp. 0.006 16 

ASV_144 gut Firmicutes Lactobacillaceae Pediococcus sp. 0.006 10 

ASV_151 gut Firmicutes Lactobacillaceae Pediococcus pentosaceus 0.006 12 

ASV_189 gut Firmicutes Lactobacillaceae Lactobacillus sp. 0.006 10 

ASV_222 gut Firmicutes Lactobacillaceae Lactobacillus rhamnosus 0.006 8 

ASV_586 gut Firmicutes Lactobacillaceae Lactobacillus sp. 0.006 9 

ASV_78 gut Firmicutes Lachnospiraceae Blautia sp. -0.039 26 

ASV_237 gut Firmicutes Lachnospiraceae Blautia faecis -0.026 23 

ASV_265 gut Firmicutes Lachnospiraceae Blautia sp. -0.026 24 

ASV_271 gut Firmicutes Lachnospiraceae Blautia obeum -0.026 12 

ASV_375 gut Firmicutes Lachnospiraceae Blautia sp. -0.026 15 

ASV_554 gut Firmicutes Lachnospiraceae Blautia sp. -0.026 16 

ASV_1291 gut Firmicutes Lachnospiraceae Blautia sp. -0.026 9 

ASV_132 gut Firmicutes Ruminococcaceae Ruminococcus bromii -0.007 16 

ASV_192 gut Firmicutes Ruminococcaceae Ruminococcus bromii -0.007 24 

ASV_206 gut Firmicutes Ruminococcaceae DTU089 -0.024 23 

ASV_306 gut Firmicutes Ruminococcaceae Ruminococcus sp. -0.007 13 

ASV_348 gut Firmicutes Ruminococcaceae Ruminococcus sp. -0.007 11 
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ASV_556 gut Firmicutes Ruminococcaceae Caproiciproducens sp. -0.024 9 

ASV_566 gut Firmicutes Ruminococcaceae Ruminoclostridium sp. -0.024 13 

ASV_583 gut Firmicutes Ruminococcaceae Ruminoclostridium sp. -0.024 23 

ASV_682 gut Firmicutes Ruminococcaceae Caproiciproducens sp. -0.024 9 

ASV_750 gut Firmicutes Ruminococcaceae Caproiciproducens sp. -0.024 13 

ASV_792 gut Firmicutes Ruminococcaceae Ruminoclostridium sp. -0.024 15 
          

  

ASV_18 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.021 27 

ASV_66 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.003 26 

ASV_117 oral Actinobacteria Actinomycetaceae Actinomyces naeslundii 0.016 27 

ASV_126 oral Actinobacteria Actinomycetaceae Actinomyces naeslundii 0.016 19 

ASV_138 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.003 22 

ASV_155 oral Actinobacteria Actinomycetaceae Actinomyces 
odontolyticus 

0.003 20 

ASV_227 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.016 7 

ASV_235 oral Actinobacteria Actinomycetaceae F0332 0.003 18 

ASV_262 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.003 18 

ASV_345 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.016 9 

ASV_389 oral Actinobacteria Actinomycetaceae Actinomyces 
odontolyticus 

0.003 7 

ASV_403 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.003 15 

ASV_407 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.016 7 

ASV_2693 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.021 5 

ASV_422 oral Actinobacteria Actinomycetaceae Actinomyces 
odontolyticus 

0.003 15 

ASV_431 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.016 12 

ASV_2697 oral Actinobacteria Actinomycetaceae Actinomyces naeslundii 0.016 9 

ASV_461 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.003 11 

ASV_475 oral Actinobacteria Actinomycetaceae Actinomyces gerencseriae 0.003 6 

ASV_484 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.003 4 

ASV_501 oral Actinobacteria Actinomycetaceae Actinomyces 
odontolyticus 

0.003 13 

ASV_516 oral Actinobacteria Actinomycetaceae Actinomyces 
odontolyticus 

0.003 12 

ASV_2700 oral Actinobacteria Actinomycetaceae Actinomyces gerencseriae 0.003 14 

ASV_568 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.003 12 

ASV_600 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.003 7 

ASV_642 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.003 7 

ASV_798 oral Actinobacteria Actinomycetaceae F0332 0.003 10 

ASV_871 oral Actinobacteria Actinomycetaceae Actinomyces massiliensis 0.003 13 

ASV_2729 oral Actinobacteria Actinomycetaceae Actinomyces graevenitzii 0.003 9 

ASV_1055 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.003 6 

ASV_1172 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.003 7 

ASV_2751 oral Actinobacteria Actinomycetaceae Actinomyces sp. 0.016 8 
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ASV_2664 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 29 

ASV_10 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 29 

ASV_16 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 29 

ASV_27 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 29 

ASV_28 oral Firmicutes Streptococcaceae Streptococcus sp. 0.040 28 

ASV_37 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 19 

ASV_48 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 27 

ASV_173 oral Firmicutes Streptococcaceae Streptococcus salivarius 0.010 15 

ASV_183 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 19 

ASV_188 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 14 

ASV_2674 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 14 

ASV_230 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 8 

ASV_269 oral Firmicutes Streptococcaceae Streptococcus cristatus 0.010 29 

ASV_282 oral Firmicutes Streptococcaceae Streptococcus 
parasanguinis 

0.010 13 

ASV_2683 oral Firmicutes Streptococcaceae Streptococcus mitis 0.010 11 

ASV_480 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 18 

ASV_481 oral Firmicutes Streptococcaceae Streptococcus peroris 0.010 12 

ASV_802 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 24 

ASV_1531 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 11 

ASV_1599 oral Firmicutes Streptococcaceae Streptococcus sp. 0.010 13 

ASV_42 oral Bacteroidetes Prevotellaceae Prevotella 
melaninogenica 

0.028 27 

ASV_226 oral Bacteroidetes Prevotellaceae Prevotella 
melaninogenica 

0.028 15 

ASV_800 oral Bacteroidetes Prevotellaceae Prevotella sp. 0.028 6 

ASV_2665 oral Firmicutes Family XI Gemella sp. 0.009 29 

ASV_208 oral Firmicutes Family XI Gemella sanguinis 0.009 28 

ASV_2701 oral Firmicutes Family XI Gemella sp. 0.009 5 
          

  

ASV_14 nasal Actinobacteria Corynebacteriaceae Corynebacterium sp.  0.117 24 

ASV_354 nasal Actinobacteria Corynebacteriaceae Corynebacterium durum 0.054 15 

ASV_360 nasal Actinobacteria Corynebacteriaceae Corynebacterium sp.  0.054 17 

ASV_2704 nasal Actinobacteria Corynebacteriaceae Corynebacterium sp.  0.022 12 

ASV_2707 nasal Actinobacteria Corynebacteriaceae Corynebacterium durum 0.054 14 

ASV_1206 nasal Actinobacteria Corynebacteriaceae Lawsonella sp. 0.007 16 

 
 
 
 
 
 
 



177 
 

Supplentary Table 3. Taxonomy of aGvHD predictors within the fecal, oral, and nasal microbiota. 
ASV 
number Phylum  Family  Genus/Species/

Description 
Body 
Site 

Importance in 
svmLinear model 

Mean Importance 
in Boruta 

ASV_3 Firmicutes Lactobacillaceae Lactobacillus sp. gut  0.74 8.85 

ASV_7 Bacteroidetes Tannerellaceae Parabacteroides 
merdae gut  0.63 4.62 

ASV_8 Proteobacteria Enterobacteriaceae Escherichia/Shige
lla sp. gut  0.70 4.16 

ASV_12 Firmicutes Ruminococcaceae UBA1819 sp. gut  0.68 5.52 

ASV_35 Bacteroidetes Bacteroidaceae Bacteroides 
uniformis gut  0.68 4.66 

ASV_50 Firmicutes Ruminococcaceae Subdoligranulum 
sp. gut  0.60 3.78 

ASV_128 Bacteroidetes Tannerellaceae Parabacteroides 
distasonis gut  0.68 7.42 

ASV_131 Bacteroidetes Tannerellaceae Parabacteroides 
distasonis gut  0.66 6.49 

ASV_166 Fusobacteria Fusobacteriaceae Fusobacterium 
sp. gut  0.60 4.08 

ASV_268 Firmicutes Lachnospiraceae 
Lachnospiraceae
_NK4A136_grou
p sp. 

gut  0.61 5.02 

ASV_361 Bacteroidetes Tannerellaceae Parabacteroides 
sp. gut  0.61 4.40 

ASV_477 Firmicutes Lachnospiraceae Eisenbergiella 
tayi gut  0.62 3.64 

ASV_507 Firmicutes Lachnospiraceae Lachnospira 
pectinoschiza gut  0.60 3.91 

ASV_563 Firmicutes Erysipelotrichaceae Coprobacillus 
cateniformis gut  0.63 5.38 

ASV_567 Firmicutes Ruminococcaceae Flavonifractor sp. gut  0.60 2.81 

ASV_585 Bacteroidetes Tannerellaceae Parabacteroides 
sp. gut  0.62 4.53 

ASV_687 Firmicutes Lachnospiraceae NA gut  0.59 3.83 
       

ASV_15 Firmicutes Streptococcaceae Lactococcus sp. oral 0.61 7.31 

ASV_34 Proteobacteria Neisseriaceae Neisseria sp. oral 0.62 5.08 

ASV_66 Actinobacteria Actinomycetaceae Actinomyces sp. oral 0.65 4.84 

ASV_72 Actinobacteria Micrococcaceae Rothia sp. oral 0.63 4.49 

ASV_92 Bacteroidetes Bacteroidaceae Bacteroides sp. oral 0.65 5.36 

ASV_98 Actinobacteria Micrococcaceae Rothia 
mucilaginosa oral 0.58 5.87 

ASV_135 Firmicutes Streptococcaceae Streptococcus 
mutans oral 0.60 4.24 

ASV_205 Firmicutes Ruminococcaceae Ruminococcacea
e_UCG-002 sp. oral 0.63 4.38 

ASV_226 Bacteroidetes Prevotellaceae Prevotella_7 
melaninogenica oral 0.63 8.19 

ASV_247 Firmicutes Ruminococcaceae Ruminococcacea
e_UCG-013 sp. oral 0.66 4.80 

ASV_270 Firmicutes Veillonellaceae Veillonella sp. oral 0.59 3.47 

ASV_338 Bacteroidetes Prevotellaceae Alloprevotella sp. oral 0.61 4.26 
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ASV_360 Actinobacteria Corynebacteriaceae Corynebacterium 
sp.  oral 0.64 6.50 

ASV_374 Fusobacteria Leptotrichiaceae Leptotrichia 
wadei oral 0.60 4.39 

ASV_378 Firmicutes Lachnospiraceae Oribacterium 
sinus oral 0.65 7.17 

ASV_500 Actinobacteria Propionibacteriaceae 
Pseudopropionib
acterium 
propionicum 

oral 0.67 8.51 

ASV_518 Bacteroidetes Bacteroidaceae Bacteroides sp. oral 0.64 4.67 

ASV_568 Actinobacteria Actinomycetaceae Actinomyces sp. oral 0.71 8.79 

ASV_640 Bacteroidetes Tannerellaceae Parabacteroides 
sp.  oral 0.62 2.81 

ASV_871 Actinobacteria Actinomycetaceae Actinomyces 
massiliensis oral 0.61 4.65 

ASV_894 Firmicutes Ruminococcaceae Ruminococcacea
e_UCG-014 sp. oral 0.62 2.74 

ASV_140
3 Firmicutes Veillonellaceae Selenomonas_3 

sp. oral 0.59 2.82 

ASV_266
4 Firmicutes Streptococcaceae Streptococcus sp. oral 0.68 6.11 

ASV_266
6 Actinobacteria Micrococcaceae Rothia 

dentocariosa oral 0.61 4.47 

ASV_267
6 Firmicutes Aerococcaceae Abiotrophia 

defectiva oral 0.61 5.74 

ASV_269
2 Actinobacteria Micrococcaceae Rothia sp. oral 0.62 6.30 

       
ASV_266
4 Firmicutes Streptococcaceae Streptococcus sp. nasal 0.61 11.49 

ASV_266
6 Actinobacteria Micrococcaceae Rothia 

dentocariosa nasal 0.56 5.80 

ASV_47 Actinobacteria Micrococcaceae Rothia sp. nasal 0.59 6.41 

ASV_51 Proteobacteria Pasteurellaceae Haemophilus sp. nasal 0.64 5.67 

ASV_52 Actinobacteria Micrococcaceae Rothia 
mucilaginosa nasal 0.61 8.58 

ASV_66 Actinobacteria Actinomycetaceae Actinomyces sp. nasal 0.67 9.05 
ASV_267
0 Proteobacteria Neisseriaceae NA nasal 0.61 6.69 

ASV_117 Actinobacteria Actinomycetaceae Actinomyces 
naeslundii nasal 0.58 4.73 

ASV_125 Actinobacteria Corynebacteriaceae Corynebacterium
_1 accolens nasal 0.57 5.43 

ASV_252 Firmicutes Veillonellaceae Veillonella 
rogosae nasal 0.58 5.54 

ASV_270 Firmicutes Veillonellaceae Veillonella sp. nasal 0.57 5.41 
ASV_269
4 Actinobacteria Corynebacteriaceae Lawsonella sp. nasal 0.65 8.42 
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Figure S1. Most abundant taxonomic families in the gut, oral cavity, and nasal cavity in allo-HSCT patients. Rank 
abundance curves displaying the proportions of the 12 most abundant taxonomic families at each body site (gut, 
oral cavity, and nasal cavity). 
 
 
 

 
 
Figure S2. Sample scores on the first two axes of tree-based sparse linear discriminant (LDA) analyses by time 
point in relation to HSCT. Tree-based sparse LDA performs phylogeny-informed selection of microbial predictors. 
The projection maximizes differences between samples from different time points. A) Fecal sample scores of LDA 
axis 2 versus 1 showing separation of time points on LDA axis 1 with the highest scores assigned to samples collected 
immediately post HSCT. B) Oral sample scores of LDA axis 2 versus 1 showing separation of time points on LDA axis 
1 with the highest scores assigned to samples from before HSCT and from late follow up-time points. C) Nasal sample 
scores of LDA axis 2 versus 1 showing separation of time points on LDA axis 1 with the highest scores assigned to 
from before HSCT and from late follow up-time points. 
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Figure S3. Tree-based sparse linear discriminant analysis revealing nasal ASVs that distinguish time points in 
relation to HSCT. A) Relative abundances over time of the 12 most abundant families in the oral cavity. B) Coefficients 
of discriminating clades of ASVs on the first LDA axis, colored by taxonomic family, and plotted along the 
phylogenetic tree. C) Trajectories of ASVs in one discriminating group, affiliated with the families 
Corynebacteriaceae, with decreasing abundances after HSCT and recovery at late follow-up time points. Detailed 
taxonomic information and LDA-coefficients of the displayed ASVs are listed in Table S2. 
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Figure S4. Machine learning-based prediction of aGvHD severity from nasal microbial abundances pre-HSCT. A) 
Relative abundances over time of the 12 most abundant families in the nasal cavity in patients with aGvHD grade 0-
I versus II-IV. B) Importance plot of top 20 predictive nasal ASVs identified by the svmLinear model with importance 
scores indicating the mean decrease in prediction accuracy in case the respective ASV would be excluded from the 
model. C) Conditional inference tree (CTREE) displaying ASVs identified as significant split nodes by nonparametric 
regression for prediction of aGvHD. Numbers along the branches indicate split values of variance stabilized bacterial 
abundances. The terminal nodes show the proportion of samples originating from patients with aGvHD grade 0-I vs 
II-IV. D) Boxplots depict the log transformed relative abundances of the predictive ASVs at time points up to the 
transplantation in aGvHD grade 0-I compared with grade II-IV patients.  
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Figure S5. Multivariate associations of the oral microbiota with immune and clinical parameters in HSCT.  A) 
Clustered image map (CIM) based on sparse partial least squares (sPLS) regression analysis dimensions 1, 2, and 3, 
displaying pairwise correlations >0.2/<-0.2 between oral ASVs (bottom), and continuous immune and clinical 
parameters (right). Red indicated positive correlation, and blue indicates negative correlation, respectively. Based 
on the sPLS regression model, hierarchical clustering (clustering method: complete linkage, distance method: 
Pearson’s correlation) was performed resulting in the three depicted clusters. B) Canonical correspondence analysis 
(CCpnA) relating oral microbial abundances (circles) to continuous (arrows) and categorical (+) immune and clinical 
parameters. ASVs and variables with at least one correlation >0.2/<-0.2 in the sPLS analysis were included in the 
CCpnA. The triplot shows variables and ASVs with a score >0.3/<-0.3 on at least one the first three CCpnA axes, 
displayed on axis 1 versus 2 with samples depicted as triangles. The colored ellipses (depicted with 80% confidence 
interval) correspond to the clusters of ASVs identified by the sPLS-based hierarchical clustering. For visualization 
purposes, a focused section of the CCpnA triplot is shown. Abbreviations are described in Figure 6. Additional 
abbreviations: fungal, fungal infection; haploident, haploidentical donor; hemo, hemoglobin; leuko, leukocytes; 
lympho, lymphocytes; w1, week+1; w2, week+2; w3, week+3. 
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Figure S6. Multivariate associations of the nasal microbiota with immune and clinical parameters in HSCT.  A) 
Clustered image map (CIM) based on sparse partial least squares (sPLS) regression analysis dimensions 1, 2, and 3, 
displaying pairwise correlations >0.2/<-0.2 between nasal ASVs (bottom), and continuous immune and clinical 
parameters (right). Red indicated positive correlation, and blue indicates negative correlation, respectively. Based 
on the sPLS regression model, hierarchical clustering (clustering method: complete linkage, distance method: 
Pearson’s correlation) was performed resulting in the three depicted clusters. B) Canonical correspondence analysis 
(CCpnA) relating nasal microbial abundances (circles) to continuous (arrows) and categorical (+) immune and clinical 
parameters. ASVs and variables with at least one correlation >0.2/<-0.2 in the sPLS analysis were included in the 
CCpnA. The triplot shows variables and ASVs with a score >0.3/<-0.3 on at least one the first three CCpnA axes, 
displayed on axis 1 versus 2 with samples depicted as triangles. The colored ellipses (depicted with 80% confidence 
interval) correspond to the clusters of ASVs identified by the sPLS-based hierarchical clustering. For visualization 
purposes, a focused section of the CCpnA triplot is shown. Abbreviations are described in Figures 6 and S5. Additional 
abbreviations: Calc, Calcium; CMVabneg, Recipient is CMV seronegative; CystC, cystacin C; Donor_CMVabneg, Donor 
is CMV seronegative; DonorMatch8, unrelated donor with 1 HLA mismatch; PB, peripheral blood; 
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Table S1. Clinical patient characteristics. General patient characteristics, conditioning regimens, complications, and 
clinical outcomes for the autologous HSCT cohort (n=13). Abbreviations: VP16, Etoposide. 
 

Characteristics Number of 
autologous 
HSCT patients 

Percentage of all 
patients [%] 

Transplant recipients 13 100 
Average recipient age in years 54.2 (Range: 

28.7 - 70.4) 
NA 

Gut microbiota characterized not characterized 2 15.4 
At ≤ 5 timepoints 5 38.5 
At 6-7 timepoints 6 46.2 
At 8-9 timepoints 0 0 

Oral and nasal microbiota 
chracterized 

At ≤ 5 timepoints 3 23.1 
At 6-7 timepoints 6 46.2 
At 8-9 timepoints 4 30.8 

Patient sex Female 5 38.5 
Male 8 61.5 

Disease at transplantation Multiple myeloma  6 46.2 
Non-Hodgkin lymphoma 5 38.5 

Amyloidosis 1 7.7 
Plasma cell leukemia 1 7.7 

Stem cell source Bone marrow 0 0 
Umbilical cord blood 0 0 
Peripheral blood 13 100 

Conditioning regimen Cytarabine + Carmustine + 
Melphalan 

4 30.8 

High-dose Melphalan 7 53.8 
Cytarabine + 
Cyclophosphamide + VP16 + 
Thiotepa + Bortezomib + 
Lenalidomide 

1 7.7 

Carmustine + Thiotepa  1 7.7 

Antibiotics pre-HSCT 8 61.5 
Antibiotics post-HSCT* 13 100 
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Infections* At least one registered 
bacterial infection 

8 61.5 

At least one registered viral 
infection 

2 15.4 

At least one registered 
fungal infection 

0 0 

Overall Survival** Alive 11 84.6 
Dead 2 15.4 

Relapse of primary malignancy** 2 15.4 
Status of remission** Complete remission  6 46.2 

Never in complete 
remission 

6 46.2 

Not evaluated 1 7.7 
Non-relapse mortality 0 0 
Re-transplantation 0 0 

*Follow-up time after HSCT: until day +404 
**Mean follow-up time after HSCT: 8 months (range: 5.6 – 10.1 months) 
 
 
 

 

 

Figure S1. Most abundant taxonomic families in the gut, oral cavity, and nasal cavity in autologous HSCT 
patients. A) Proportions of the 12 most abundant taxonomic families displayed as rank abundance curves, in the 
gut, B) the oral cavity, and C) the nasal cavity.  

Staphylococcaceae
Family XI
Micrococcaceae

Propionibacteriaceae
Actinomycetaceae
Leptotrichiaceae
Neisseriaceae
Prevotellaceae

Bacteroidaceae

Pr
op

or
tio

n

Enterococcaceae
Lactobacillaceae
Bacteroidaceae
Tannerellaceae

Enterobacteriaceae
Streptococcaceae
Rikenellaceae
Ruminococcaceae

Veillonellaceae

Erysipelotrichaceae
Peptostreptococcaceae

Lachnospiraceae

A) B) C)

Corynebacteriaceae
Pasteurellaceae
Moraxellaceae
Family XI.1

0.00

0.05

0.10

0.15

1 2 3 4 5 6 7 8 9 10 11 12
Rank of family

0.0

0.1

0.2

0.3

0.4

0.5

1 2 3 4 5 6 7 8 9 10 11 12
Rank of fami ly

0.0

0.1

0.2

0.3

1 2 3 4 5 6 7 8 9 10 11 12
Rank of family



188 
 

 

−0.8 −0.4 0 0.4 0.8
A

S
V

_1
11

0
A

S
V

_5
56

A
S

V
_1

52
0

A
S

V
_1

42
4

A
S

V
_1

67
A

S
V

_1
57

5
A

S
V

_1
46

6
A

S
V

_1
54

9
A

S
V

_1
41

9
A

S
V

_2
66

A
S

V
_1

53
3

A
S

V
_4

69
A

S
V

_2
80

A
S

V
_4

48
A

S
V

_8
23

A
S

V
_1

41
3

A
S

V
_1

36
7

A
S

V
_7

43
A

S
V

_8
50

A
S

V
_3

43
A

S
V

_1
4

A
S

V
_1

55
0

A
S

V
_1

39
7

A
S

V
_2

69
A

S
V

_1
36

4
A

S
V

_1
45

4
A

S
V

_4
02

A
S

V
_1

44
5

A
S

V
_1

41
4

A
S

V
_1

56
3

A
S

V
_8

92
A

S
V

_1
48

A
S

V
_1

51
8

A
S

V
_1

57
7

A
S

V
_1

47
4

A
S

V
_1

50
8

A
S

V
_5

16
A

S
V

_8
65

A
S

V
_1

45
6

A
S

V
_1

04
2

A
S

V
_6

19

Tregs_m1
Th17_m1
P_bilirubin
B_reticulocytes_pre_HSCT
Age
P_Calcium_ionfree_pH_7_4
B_reticulocytes_w2
P_Magnesium_d ay0
P_Potassium
P_Magnesium_pre_HSCT
P_Magnesium_w1
P_Phosphate_d ay0
P_Phosphate_pre_HSCT
P_Glukose_w3
P_Glukose_pre_HSCT
P_basic_phosphatase

Actinomycetaceae
Family_XI

Neisseriaceae
AerococcaceaePasteurellaceae

Staphylococcaceae
Carnobacteriaceae

other

Veillonellaceae

Moraxellaceae

Corynebacteriaceae Rhodobacteraceae
Fusobacteriaceae

Pearson’s correlation
Cluster 1

Cluster 2 Cluster 3

Femaleemale

Male

Remission

No_Remission

MMRemissionRemission

NHLNHL

PCL

BAM

BTBT

HDMELHDMELHDMELHDMELHDMEL

Survival_0
MetronidaMetronidazole1

antibiotic_0antibiotic_0antibiotic_0antibiotic_0antibiotic_0antibiotic_0

antibiotic_1

w1

w22
w3

m1m1m1m1

m3

m6

m12

bacterial1

viviral1

Male

P_Magnesium_w1P_Magnesium_w1
P_Magnesium_pre

P_Magnesium_w1P_Magnesium_w1 P_KaliumP_KaliumP_KaliumP_KaliumP_Kalium

B_reticulocytes_w2B_reticulocytes_w2B_reticulocytes_w2B_reticulocytes_w2

P_Magnesium_d ay0

Th17_m1Th17_m1

AgeAgeAge B_reticulocytes_pre_HSCTB_reticulocytes_pre_HSCT

P_bili rubinubinubinubin

Tregs_m1TT
P_Phosphate_pre_HSCTP_Phosphate_pre_HSCTP_Phosphate_pre_HSCTP_Phosphate_pre_HSCTP_Phosphate_pre_HSCT

P_Phosphate_dP_Phosphate_dP_Phosphate_dP_Phosphate_dP_Phosphate_d ay0
P_Phosphate_pre_HSCTP_Phosphate_pre_HSCT

P_Glukose_pre_HSCTose_pre_HSCT
P_Glukose_w3

P_basic_phosphataseP_basic_phosphataseP_basic_phosphataseP_basic_phosphataseP_basic_phosphataseP_basic_phosphataseP_basic_phosphatase

−1

0

1

2

−1 0 1 2
Axis1 [9.54% variance]

Ax
is

2 
[7

.5
8%

va
ria

nc
e]

A)

B)

U
nc

ul
te

re
d

A
ct

in
om

yc
es

 s
p.

M
or

ax
el

la
 s

p.
A

to
po

bi
um

 p
ar

vu
lu

m
A

ci
ne

to
ba

ct
er

 s
p.

P
se

ud
om

on
as

 s
p.

C
or

yn
eb

ac
te

riu
m

_1
 s

p.
U

nc
ul

te
re

d
C

or
yn

eb
ac

te
riu

m
_1

 a
ur

is
ca

ni
s

V
ei

llo
ne

lla
 p

ar
vu

la
C

or
yn

eb
ac

te
riu

m
_1

 a
pp

en
di

ci
s

C
or

yn
eb

ac
te

riu
m

_1
 v

ar
ia

bi
le

A
ci

ne
to

ba
ct

er
 s

p.
S

ta
ph

yl
oc

oc
cu

s 
sp

.
G

ar
dn

er
el

la
 v

ag
in

al
is

D
ol

os
ig

ra
nu

lu
m

 p
ig

ru
m

C
or

yn
eb

ac
te

riu
m

_1
 s

p.
A

ci
ne

to
ba

ct
er

 s
p.

P
se

ud
om

on
as

 s
p.

La
w

so
ne

lla
 s

p.
C

or
yn

eb
ac

te
riu

m
_1

 s
p.

B
re

vi
ba

ct
er

iu
m

 s
p.

C
or

yn
eb

ac
te

riu
m

_1
 s

p.
Fu

so
ba

ct
er

iu
m

 n
uc

le
at

um
C

or
yn

eb
ac

te
riu

m
_1

 s
p.

A
ct

in
om

yc
es

 s
p.

A
ct

in
om

yc
es

 g
er

en
cs

er
ia

e
P

sy
ch

ro
ba

ct
er

 s
p.

C
or

yn
eb

ac
te

riu
m

 s
p.

C
or

yn
eb

ac
te

riu
m

_1
 p

ilb
ar

en
se

P
ar

ac
oc

cu
s 

sp
.

N
ei

ss
er

ia
 o

ra
lis

E
re

m
oc

oc
cu

s 
sp

.
A

ci
ne

to
ba

ct
er

 s
p.

N
ei

ss
er

ia
 b

ac
illi

fo
rm

is
P

sy
ch

ro
ba

ct
er

 s
p.

P
se

ud
om

on
as

 s
p.

D
er

m
ab

ac
te

r s
p.

C
or

yn
eb

ac
te

riu
m

 g
lu

cu
ro

no
ly

tic
um

E
za

ki
el

la
 s

p.
A

ci
ne

to
ba

ct
er

 b
ou

ve
tii

Cluster 3

Cluster 1
Cluster 2



189 
 

Figure S2. Multivariate host – nasal microbial associations in autologous HSCT patients. A) Pairwise correlations 
(>0.3/<-0.3) of nasal ASVs (bottom) and continuous immune and clinical parameters (right) displayed in a 
hierarchically CIM. Complete linkage clustering was based on the first three dimensions of the sPLS regression model. 
Red and blue coloring indicates positive and negative Pearson’s correlation, respectively. B) Triplot of the CCpnA, 
showing associations between nasal ASV abundances (circles) and continuous (arrows) and categorical (+) immune 
and clinical parameters. ASVs and variables were included in the CCpnA if they had at least one correlation >0.3/<-
0.3 in the sPLS regression analysis. Variables and ASVs with a score >0.3/<-0.3 on at least one the first three CCpnA 
axes are displayed in dimension 1 versus 2. Samples are shown as triangles. Clusters of ASVs identified by the sPLS-
based hierarchical clustering are shown as colored ellipses (with 80% confidence interval). Abbreviations are 
explained in Figures 2 and 3. 


