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Abstract

Bloodstream infections (BSIs) from oral organisms are a significant cause of morbidity and 

mortality in hematopoietic stem cell transplantation (HSCT) recipients. There are no proven 

strategies to decrease BSIs from oral organisms. The aim of this study was to evaluate the 

impact of daily xylitol wipes in improving oral health, decreasing BSI from oral organisms, 

and modulating the oral microbiome in pediatric HSCT recipients. This was a single-center 1:1 

randomized controlled trial in pediatric HSCT recipients age >2 years. Age-matched healthy 

children were enrolled to compare the oral microbiome. The oral hygiene standard of care (SOC) 

group continued to receive the standard oral hygiene regimen. The xylitol group received daily 

oral xylitol wipes (with .7 g xylitol) in addition to the SOC. The intervention started from 

the beginning of the transplantation chemotherapy regimen and extended to 28 days following 

transplantation. The primary outcome was oral health at interval time points, and secondary 

outcomes included BSIs from oral organisms in the first 30 days following transplantation, 

oral microbiome abundance, and diversity and oral pathogenic organism abundance. The study 

was closed early due to efficacy after an interim analysis of the first 30 HSCT recipients was 

performed (SOC group, n = 16; xylitol group, n = 14). The xylitol group had a significantly 

lower rate of gingivitis at days 7, 14, and 28 following transplantation (P = .031, .0039, and 

.0005, respectively); oral plaque at days 7 and 14 (P = .045 and .0023, respectively); and oral 
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ulcers >10 mm at day 14 (P = .049) compared with the SOC group. The xylitol group had no 

BSI from oral organisms compared with the SOC group, which had 4 (P = .04). The xylitol 

group had significantly lower abundance of potential BSI pathogens, such as Staphylococcus 
aureus (P = .036), Klebsiella pneumoniae (P = .033), and Streptococcus spp (P = .011) at the 

day after transplantation compared with the SOC group. Healthy children and young adults had 

significantly increased oral microbiome diversity compared with all HSCT recipients (P < .001). 

The addition of xylitol to standard oral care significantly improves oral health, decreases BSI from 

oral organisms, and decreases the abundance of pathogenic oral organisms in pediatric and young 

adult HSCT recipients.
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INTRODUCTION

Hematopoietic stem cell transplantation (HSCT) is an effective treatment for many 

malignancies, marrow failure syndromes, and immune deficiencies in children, adolescents, 

and adults [1,2]. Transplantation strategies and supportive care have evolved over the past 

few decades, resulting in improved overall survival. However, despite these advances, HSCT 

recipients are at high risk for bloodstream infections (BSI), a significant cause of mortality 

[3–6]. HSCT recipients develop mucosal toxicity as a side effect of treatment [7]; that, along 

with a profound immunosuppressed state, predisposes to organism translocation through 

a nonintact oral mucosa into the bloodstream. Currently, there are no known strategies to 

reduce or prevent BSIs from oral organisms in HSCT recipients [7–12].

Gingivitis is an important feature of mucosal toxicity after HSCT and is closely associated 

with the amount of dental and gingival plaque; 1 mm3 of dental plaque contains ~100 

million bacteria that serves as a persistent reservoir for potential BSI [13–15]. Oral plaque 

has been shown to be significantly associated with bacteremia in healthy subjects, as well as 

those undergoing HSCT [16,17]. Xylitol is a nonfermentable polysaccharide alcohol that has 

been shown to reduce dental caries, plaque accumulation, and oral disease progression and 

has been shown to decrease salivary counts of Streptococcus spp and Candida albicans in the 

oral cavity [18–24].

To date, studies of the microbiome have mainly used culture-based techniques and 16S 

rRNA, limiting the level of detail of the microbiome analysis. Recent advances using 

metagenomic shotgun sequencing analyze all genes present among organisms in a given 

sample to quantify and recognize pathogens at the strain level [25,26]. Metagenomic 

sequencing allows determination of the bacterial diversity and abundance of organisms 

specific to a patient and can accurately surveil the presence of and changes in pathogenic 

strains over time and correlate changes with clinical interventions [27]. The aim of this 

study was to evaluate the impact of daily xylitol application on oral health, BSI from oral 

organisms, microbiome abundance and diversity, and pathogenic oral organism abundance in 

pediatric and young adult HSCT recipients.
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METHODS

Study Design

This single-center prospective randomized 1:1 controlled trial of HSCT recipients conducted 

at Cincinnati Children’s Hospital Medical Center’s Bone Marrow Transplant Unit. The 

protocol and all amendments were approved by the Center’s Institutional Review Board.

Study Intervention

Children and adolescents at least 2 years of age undergoing autologous or allogeneic HSCT 

were eligible. Study subjects were randomized into 2 groups: patients receiving the current 

oral hygiene standard of care (SOC group) and those randomized to receive the current 

standard of care as well as once-daily dental xylitol wipe application (xylitol group).

Patients in the SOC group continued to receive the prescribed 3 daily oral rinses of 

chlorhexidine gluconate and nystatin, as described previously [8,28–30]. The xylitol group 

used oral xylitol wipes (with .7 g xylitol) to wipe the patient’s teeth and gums once daily 

for a minimum of 30 seconds in addition to the standard of care. The study period for both 

groups started from the beginning of the HSCT recipient’s transplantation chemotherapy 

regimen to day 30 following transplantation.

Age-Matched Healthy Children

We enrolled 30 age-matched healthy children and young adults from the Cincinnati 

Children’s Hospital Medical Center’s Dental Clinic to compare differences in oral 

microbiome diversity between HSCT recipients and healthy children. Healthy children and 

young adults presenting to the dental clinic for routine follow up were eligible for the study.

Randomization

Consenting patients were randomized to the SOC or xylitol group (1:1 randomization) using 

a sealed envelope system. This was on open-label study, with clinicians and participants 

aware of the treatment allocation.

Primary Outcome Measures: Oral Heath

Oral assessment measures were performed in the SOC and xylitol group at baseline (before 

the start of transplantation chemotherapy), day 0 (day of stem cell infusion), and at 

days 7, 14, and 28 post-HSCT by a member of the study team (M.D. or D.D.S.). Oral 

assessments included evaluation of dental and lingual plaque, gingival inflammation, and 

oral ulcerations. Dental plaque was evaluated using the Simplified Oral Hygiene Index 

[31], lingual plaque was evaluated using the Miyazaki Tongue Coating Index [32], and 

gingival inflammation was assessed with the Gingival Index [33]. The presence of mucosal 

ulcerations along the buccal mucosa, labial mucosa, and tongue were evaluated clinically 

with an intraoral mirror and a flashlight. The number and size of lesions present were 

documented based on location. Mucosal ulcerations were categorized by size as <5 mm, >5 

mm, or >10 mm.
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Secondary Outcome Measure: BSIs from Oral Organisms

We compared the incidence of BSIs from oral organisms during the study period, starting 

at enrollment into the study and extending through 30 days post-transplantation. Oral 

organisms were identified as described in previous oral microbiota studies [34,35].

Sample Collection

Oral sample collection for microbiome analysis was the same for the SOC and xylitol 

groups. Teeth and gums were swabbed for approximately 30 seconds at baseline (before or 

at the start of transplantation chemotherapy) and at days 7, 14, and 28 post-transplantation. 

Gingival and oral mucosa specimens from healthy age-matched children and young adults 

were collected only once using the same mechanism.

Microbiome Analysis and Metagenomic Sequencing

DNA was extracted from oral samples and libraries were prepared with Nextera XT adapter 

tagmentation using dual indices with the Illumina PCR amplification protocol consisting of 

12 cycles (Illumina, San Diego, CA). DNA distribution was analyzed on a fragment analyzer 

(Advanced Analytical Technologies, Orangeburg, NY). Samples were pooled to a uniform 

DNA concentration of 1 to 10 ng, and pooled fragments were eluted at 250 to 600 base 

pairs in length using Pippin Prep (Sage Science, Beverly, MA). The eluted pooled product 

was cleaned using the Qiagen DNA Mini Kit (Qiagen, Hilden, Germany). Denaturation 

of pools was performed by sequencing of 150 paired-end reads on the Illumina NextSeq 

500 sequencing system. Amplified library generation was done with Illumina Nextera XT 

adapters, and sequencing was performed to obtain 150-bp DNA paired-end reads using 

the Illumina NextSeq 500 system. The depth of sequencing for metagenome samples was 

targeted to be between 16 and 20 million reads per metagenome sample. The Bracken 

microbial genome database was used to determine the relative abundance of oral organisms. 

The Kraken database was used to derive probabilities of how much sequence from each 

genome was identical to other genomes in the database and then to combine this information 

with the assignments for a particular sample to estimate abundance at the species level and 

genus level, as described previously [25].

Microbiome Analysis

Microbiome analysis included oral organism abundance and diversity and pathogenic oral 

organism abundance through metagenomic sequencing at baseline (before the start of 

transplantation chemotherapy) at days 7, 14, and 28 post-transplantation. Oral microbiome 

analysis of age-matched healthy children and young adults was compared with that of all 

HSCT recipients.

Adverse Events

Serious adverse events were defined as any local or systemic grade 4 toxicity that was 

unexpected and at least probably related to xylitol application.
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Statistical Analysis

We initially anticipated the enrollment of a total of 60 HSCT recipients to have 52 

evaluable HSCT recipients, including 26 in the SOC group and 26 in the xylitol group. 

This target enrollment was based on our findings of plaque accumulation and severe gingival 

inflammation in the first 28 days following transplantation in 85% of HSCT recipients in 

our previous study [8]. The target enrollment number was calculated to control the level 

of significance at .05, with a .80 power of success. The study was closed early owing to 

efficacy after an interim analysis of the first 30 HSCT recipients was performed. These 

HSCT recipients’ baseline values were compared with their values at days 0, 7, 14, and 

28 post-transplantation using a paired t test, and scores were compared using a 2 × 2 

between-participant factor and a within-participant factor mixed analysis of variance to 

determine whether there was any significant difference between treatments.

Microbiome metagenomic statistical analysis was performed using advanced machine 

learning algorithms, including random forest and generalized linear mixed model trees that 

consider microbiome distribution properties, longitudinal sampling with random effects, 

and feature selection or tree classification using R. Differences in oral microbiome alpha 

diversity, as defined by the Shannon Index, were assessed at each time point using analysis 

of variance and multivariate methods (generalized linear methods) to control for variables 

that have a clear impact on microbiome diversity. A generalized linear mixed model was 

used to determine whether the longitudinal trend of microbiome diversity was altered by 

xylitol wipe use. Changes in pathogenic oral bacteria over time were studied using a 

generalized linear mixed-effects model with random slope and intercept terms for each 

patient, using unstructured covariance.

RESULTS

A total of 35 HSCT recipients were enrolled and randomized between January 2017 and 

July 2018. In August 2018, the study was closed early owing to efficacy after an interim 

analysis was performed. All HSCT recipients had completed all oral evaluations, and all the 

oral samples had been obtained by this date.

The 35 HSCT recipients enrolled in the study included 16 in the SOC group and 14 in 

the xylitol group. Five HSCT recipients withdrew from the study, 2 from the SOC group 

and 3 from the xylitol group. The 2 HSCT recipients who withdrew from the SOC group 

were excluded due to acute illness not related to BSI. The 3 HSCT recipients from the 

xylitol group withdrew secondary to feeling overwhelmed and nonadherent with frequent 

oral exams and sample collection (Figure 1).

Demographics

Characteristics of all eligible HSCT recipients are described in Table 1. The characteristics 

of the SOC group and xylitol group were similar except for a greater number of HSCT 

recipients undergoing allogeneic HSCT in the SOC group (P= .018).
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Primary Outcomes

Compared with the SOC group, the xylitol group had a significantly lower rate of gingivitis 

at days 7, 14, and 28 post-transplantation (P= .031, .0039, and .0005, respectively); 

significantly lower rates of lingual plaque at days 7 and 14 post-transplantation (P= .045 

and .0023, respectively); and significantly lower rates of oral ulcers larger than 10 mm at 

day 14 post-transplantation (P= .049). There was no significant between-group difference in 

dental plaque (Figure 2). Assessment of interrater agreement using the intraclass correlation 

coefficient showed 96% agreement, validating the evaluation by the 2 physicians.

Secondary Outcomes

Four of the 16 (25%) HSCT recipients in the SOC group developed a BSI from oral 

organisms in the first 30 days post-HSCT, compared with none in the xylitol group (P 

= .04). The oral organisms identified in the 4 HSCT recipients in the SOC group were 

Streptococcus mitis/oralis in 3 patients, with a positive blood culture at days 2, 6, and 8 

post-transplantation and Fusobacterium sp in 1 patient, with a positive blood culture at day 2 

post-transplantation.

Microbiome Analysis

We compared the oral microbiome of age-matched healthy children and young adults with 

that of all HSCT recipients at baseline (before the start of transplantation chemotherapy), 

and then compared the oral microbiome of the SOC and xylitol groups at baseline and 

at days 7, 14, and 28 post-transplantation. The oral microbiome of healthy children and 

young adults showed a significantly different species abundance (P< .001) and increased 

oral microbiome diversity (P< .001) compared with that of all HSCT recipients at baseline 

(Figure 3A). Compared with all HSCT recipients, healthy children and young adults also 

had an increased abundance of commensal oral organisms, including S. mitis (P< .001), 

Gamella haemolysans (P< .001), Fusobacterium periodonticym (P< .001), and Streptococcus 
gordonii (P = .0068) (Figure 3B). Finally, all HSCT recipients at baseline had an increased 

abundance of potential pathogenic organisms in the oral microbiome, including E. coli (P< 

.001), K. pneumoniae (P< .001), Serratia marcescens (P< .001), Bacteroides vulgaris (P= 

.032), C. albicans (P= .12), and Malassezia restricta (P= .67) (Figure 3C). The microbiome 

analysis of HSCT recipients comparing the SOC group and xylitol group showed that 

both groups had similar species abundance at baseline (before the start of transplantation 

chemotherapy) (P= .39) (Figure 4A). HSCT recipients in the xylitol group had decreased 

species abundance of potential pathogenic organisms, such as S. aureus (P= .036) and K. 
pneumoniae (P= .022), compared with HCT recipients in the SOC group (Figure 4B). HSCT 

recipients in the xylitol group also had lower abundances of Streptococcus spp at day 7 (P= 

.11), C. albicans (P = .83), and M. restricta (P = .27) (Figure 4B).

Adverse Events

There were no adverse events reported during the study period.
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DISCUSSION

The data from this randomized controlled trial evaluating the addition of oral xylitol wipes 

to standard oral care and its impact on oral health and BSI arising from oral organisms 

demonstrate a significant decrease in gingivitis, oral plaque, and oral ulcerations >10 mm, 

as well as a lower rate of BSI from oral organisms, in HSCT recipients who received daily 

xylitol application in addition to the standard oral care. To our knowledge, this is the first 

randomized pediatric and young adult trial studying a clinical intervention to address oral 

health, BSI from oral organisms, and the oral microbiome in pediatric and young adult 

HSCT recipients. It is also important to emphasize that the extent of the innovation of 

the xylitol application lies in the simplicity and affordability of the intervention. Xylitol is 

commercially available, inexpensive ($.15 per application) and can be rapidly integrated into 

practice.

Gingivitis has been shown to be significantly associated with bacteremia in HSCT recipients 

[17], and it is known that a nonintact oral mucosa puts HSCT recipients at risk of bacteria 

translocating through the mucosa into the bloodstream, leading to BSI [7,36–38]. The 

reported incidence of BSI in the weeks following HSCT ranges from 21% to 58% [4,9]. 

Cappellano et al [39] found that nearly 21% of their HSCT recipients developed a BSI in 

the first 30 days post-HSCT, the majority (75%) from a gram-positive organism from the 

oral cavity. Wang et al [40] reported that nearly 24% of their HSCT recipients developed 

a BSI shortly after HSCT despite receiving levofloxacin prophylaxis, with nearly 70% 

of the infections related to organisms found in the oral cavity. In a subset analysis of 

HSCT recipients receiving fluoroquinolone prophylaxis who developed bacteremia from 

viridans streptococci (organisms generally confined to the oral cavity), Kimura et al [41] 

found viridans streptococci alone in 15% of patients receiving fluoroquinolone prophylaxis. 

Prospective studies have evaluated interventions that are effective in reducing mucositis, 

including keratinocyte growth factor [42] and cryotherapy [11], but these have not shown a 

beneficial effect in reducing BSI. Chlorhexidine has also been widely used as a bactericidal 

agent to reduce bacterial colony-forming units but has not been shown to reduce BSI from 

oral organisms [12,43,44].

In this randomized controlled trial, the HSCT recipients receiving daily oral xylitol wipes 

in addition to the standard oral care (chlorhexidine and nystatin mouthwash 3 times 

daily) had significantly lower rates of gingivitis, oral plaque and oral ulcers >10 mm 

post-transplantation compared with the HSCT recipients who received the standard oral 

care alone. BSI from oral organisms occurred in none of the HSCT recipients in the 

xylitol group, compared with 4 HSCT recipients in the SOC group. This finding indicates 

that HSCT recipients receiving xylitol had better oral health with decreased plaque and 

gingivitis, which led to a decreased abundance of oral pathogenic organisms and lowered 

the risk of pathogenic organisms translocating through the oral mucosa into the bloodstream 

and causing BSI. Of note, there were more allogeneic HSCT recipients in the SOC group 

compared with the xylitol group, and patients receiving an allogeneic transplant had an 

elevated rate of mucosal barrier injury-related BSIs. This observation will be investigated 

further in a subsequent study including only allogeneic HSCT recipients.
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Our oral microbiome analysis comparing healthy children with HSCT recipients before 

transplantation revealed significant differences in the oral microbiome, including increased 

species abundance and diversity. This finding correlates with our finding that HSCT 

recipients had a significantly higher abundance of potential pathogenic organisms in the oral 

cavity, including E. coli, K. pneumoniae, and S. marcescens, most likely due to decreases 

in commensal organisms due to previous antibiotic exposure, changes in diet, chemotherapy, 

and radiation leading to dysbiosis of the oral microbiome and a predisposition for increased 

abundance of pathogenic organisms that can lead to infection.

The microbiome analysis showing the presence of S. aureus in the oral cavity is important. 

S. aureus has always been one of the major organisms causing central line- associated 

BSIs (CLABSIs), raising the question of whether BSI from S. aureus and other CLABSI-

causing organisms arise not only from skin surfaces, but also from the oral cavity. Similar 

observations have been noted by others; for example, Tamburini et al [45] reported cases 

of nonenteric pathogens, such as Pseudomonas and Staphylococcus epidermidis, in the 

intestinal microbiome. These findings challenge the current thinking that CLABSIs originate 

from the environment, skin sources, or other mechanisms of central venous catheter 

contamination.

This study has some limitations. The open-label design can lead to observational bias. 

Patients received different transplantation chemotherapy regimens, some of which are 

known to cause increased mucosal toxicity, which could have affected oral examination 

findings in HSCT recipients. The study included allogeneic and autologous HSCT 

recipients, with more allogeneic HSCT recipients randomized to the SOC group, and 

allogenic HSCT recipients are known to have a higher risk of mucosal barrier injury 

laboratory-confirmed bloodstream infections. We believe that these limitations will be 

addressed moving forward with a multicenter, randomized, double-blind, placebo-control 

trial (ClinicalTrials.gov identifier NCT04117477).

CONCLUSIONS

Among pediatric and young adult HSCT recipients, the addition of oral xylitol wipes to our 

current standard oral care resulted in a significant reduction in gingivitis, oral plaques, and 

oral ulceration, decreased BSIs from oral organisms, and decreased pathogenic oral bacteria 

abundance.
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Figure 1. 
Study participation and trial flow. Thirty-five study subjects were enrolled in the study: 18 

in the SOC group, 17 in the xylitol group, and 30 healthy children and young adults. Two 

of the 18 subjects randomized to the SOC group and 3 of the 17 subjects randomized to the 

Xylitol group withdrew from the study; thus, the study analysis included 16 subjects in the 

SOC group and 14 subjects in the xylitol group.
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Figure 2. 
Comparison of oral hygiene in randomized to the xylitol group (n = 14) or the SOC group 

(n = 16). Compared with HSCT recipients in the SOC group, HSCT recipients in the xylitol 

group had decreased gingivitis at days 7, 14, and 28 post-transplantation; decreased oral 

plaque at days 7 and 14 post-transplantation; and fewer oral ulcers >10 mm at day 14 

post-transplantation.
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Figure 3. 
(A) Comparison of the oral microbiome species abundance and diversity in HSCT recipients 

at baseline (before transplantation chemotherapy) (n = 30) and healthy age-matched children 

and young adults (n = 30). (B) There was an increase abundance of commensal oral 

organisms in healthy children and young adults compared with all HSCT recipients. (C) 

There was an increase abundance of potential pathogenic oral organisms in all HSCT 

recipients compared with healthy children and young adults.
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Figure 4. 
(A) Species abundance at baseline (before the start of the transplantation chemotherapy 

regimen in the SOC and xylitol groups. (B) (1) Increased pathogenic species abundance 

at baseline and days 7, 14, 28 post-transplantation in the SOC group compared with the 

xylitol group. (2) Increased Streptococcus spp abundance (oral pathogenic bacteria) at day 7 

post-transplantation in the SOC group compared with the xylitol group. (3) Increased fungal 

species abundance at days 7, 14, and 28 post-transplantation in the SOC group compared 

with the Xylitol group.
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Table 1

Patient Demographics (N = 30)

Characteristic Xylitol Group
(n = 14)

SOC Group
(n = 16)

Sex, n (%)

 Female 8(57) 6(36)

 Male 6(43) 10(64)

Age, yr, median (range) 14.0 (2–26) 11.5(3–29)

Diagnosis, n (%)

 Malignancy 8(57) 8(50)

 Immune deficiency 1(7) 3(18)

 Bone marrow failure 5(36) 3(18)

 Nonmalignant hematology 0 1(6)

 Genetic/metabolic 0 1(6)

Conditioning regimen, n (%)

 Myeloablative 10(71) 12(75)

 Reduced intensity 4(29) 4(25)

Donor type,n(%)

 Autologous 8(57) 2(12)

 Allogeneic 6(43) 14(88)

Stem cell source, n(%)

 Bone marrow 2(14) 6(38)

 Peripheral blood stem cells 12(86) 9(56)

 Cord blood 0 1(6)
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