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Abstract

Background

Sickle Cell Disease (SCD) is an inherited blood disorder that leads to hemolytic anemia,
pain, organ damage and early mortality. It is characterized by polymerized deoxygenated
hemoglobin, rigid sickle red blood cells and vaso-occlusive crises (VOC). Recurrent hyp-
oxia-reperfusion injury in the gut of SCD patients could increase tissue injury, permeability,
and bacterial translocation. In this context, the gut microbiome, a major player in health and
disease, might have significant impact. This study sought to characterize the gut micro-
biome in SCD.

Methods

Stool and saliva samples were collected from healthy controls (n = 14) and SCD subjects (n
= 14). Stool samples were also collected from humanized SCD murine models including
Berk, Townes and corresponding control mice. Amplified 16S rDNA was used for bacterial
composition analysis using Next Generation Sequencing (NGS). Pairwise group analyses
established differential bacterial groups at many taxonomy levels. Bacterial group abun-
dance and differentials were established using DeSeq software.

Results

A major dysbiosis was observed in SCD patients. The Firmicutes/Bacteroidetes ratio was
lower in these patients. The following bacterial families were more abundant in SCD
patients: Acetobacteraceae, Acidaminococcaceae, Candidatus Saccharibacteria, Peptos-
treptococcaceae, Bifidobacteriaceae, Veillonellaceae, Actinomycetaceae, Clostridiales,
Bacteroidacbactereae and Fusobacteriaceae. This dysbiosis translated into 420 different
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operational taxonomic units (OTUs). Townes SCD mice also displayed gut microbiome dys-
biosis as seen in human SCD.

Conclusion

A major dysbiosis was observed in SCD patients for bacteria that are known strong pro-
inflammatory triggers. The Townes mouse showed dysbiosis as well and might serve as a
good model to study gut microbiome modulation and its impact on SCD pathophysiology.

Introduction

Sickle cell disease (SCD) is an inherited blood disorder due to mutations that arose in Africa in
the HBB gene encoding the 3-globin subunit of hemoglobin. SCD affects approximately
100,000 Americans and occurs in 1 out of every 365 births among African Americans in the
US, while there are more than 300,000 annual SCD births worldwide [1]. Sickle hemoglobin
mutations affect red blood cell function and shape which leads to a wide spectrum of manifes-
tations that can vary in severity. Disease manifestations can be acute or chronic, and for a sub-
set of patients they are associated with frequent hospitalizations due to repetitive and
unpredictable painful episodes of vaso-occlusive crises (VOC). Indeed, sickled red blood cells
(RBCs) have altered shape and rigidity due to the polymerization of deoxygenated mutant
hemoglobins, making them susceptible to hemolysis. Rigid sickle RBCs occlude capillaries and
venules leading to VOC, impaired blood and oxygen supply to organs and end organ damage.
Hydroxyurea, L-glutamine, Crizanlizumab, Voxelotor and chronic transfusion therapy are
avaijlable treatments to mitigate hemolysis or vaso-occlusive complications, while stem cell
transplantation remains experimental, but potentially curative [2]. While the mitigation of
VOC pain remains a major cause of hospitalizations, antibiotic prophylaxis prevents infections
due to functional asplenia in SCD, leading to a significant reduction of early childhood mortal-
ity [2]. However, antibiotic administration for the first 5 years of life could alter gut micro-
biome diversity and composition due to both antibiotic effects and subclinical bowel ischemia
from SCD [3].

The gut microbiome is the most consequential microbiome in our body [4]. Multiple stud-
ies highlighted its central role in many systemic processes that can affect some of the patho-
physiological features of SCD. Indeed, the gut microbiome is a major player in metabolism, in
gut-brain axis and systemic and local immunity [5-8]. It also plays an important role in the
maintenance of the gut epithelial integrity. When such integrity is disrupted, leading to “leaky
gut”, many microbial toxins and microbes might circulate systemically leading to limbs ampu-
tations as a result of such infections and reduced blood flow [3, 9]. Gut bacteria have a detri-
mental role in the systemic inflammation and susceptibility to nosocomial infections, to which
some SCD patients are exposed as a result of frequent hospitalizations [10-14].

Cultivation-dependent techniques only give a partial picture of the gut microbiota structure
and composition. With the advent of next generation high throughput technologies that are
culture-independent, we have now the possibility to explore the gut microbiota structure to
comprehensively identify its composition. As such, in this study, we analyzed the gut micro-
biome in mouse SCD models and human subjects with SCD to assess its potential associations
with clinical symptoms. These results, if confirmed in a large patient cohort, should aid the
design of future modulation protocols to establish a balanced gut microbiome in SCD and to
determine if such interventions alter clinical outcomes.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255956  August 25, 2021 2/15


https://doi.org/10.1371/journal.pone.0255956

PLOS ONE

SCD gut microbiome

Materials and methods
Patients and samples collection

All investigations in this study were conducted according to the Declaration of Helsinki. All
subjects were enrolled at Howard University Hospital, Washington DC, USA under approved
Institutional Review Board protocol IRB-16-MED-17. Twenty-eight adult subjects aged 22 to
57 years were recruited for this protocol from June to September 2016. All subjects provided
written informed consent. These subjects consisted of 14 healthy non-SCD controls and 14
subjects with established SCD stratus. Controls and SCD groups were age and gender matched
and none was on antibiotics. All 28 subjects were African Americans. Medical records were
reviewed in detail to collect data regarding SCD clinical manifestations. SCD subjects were ret-
rospectively divided into 2 groups of 7 each, based on the frequency of hospitalizations for
pain in the year of recruitment. Mild group subjects (SCDM) consisted of those with less than
3 hospitalizations per year, while severe group subjects (SCDS) had more than 3 hospitaliza-
tions per year. All subjects were provided stool and saliva collection kits. The patients were
given the instructions for samples’ collection. Samples were mailed on same day delivery ser-
vice and stored at -80°C immediately upon receipt, as previously described [15, 16].

DNA extraction and 16S rDNA analysis

DNA was extracted from the stool and saliva samples using QIAamp DNA Stool Mini Kit and
Qiagen DNA Blood extraction Kkits, respectively according to the manufacturer’s instructions
(Qiagen, Germantown MD, US). DNA quality was assessed using Nanodrop 2000 and gel elec-
trophoresis. All samples yielded good quality and good amounts of DNA for bacterial commu-
nity analysis. For 16S rDNA analysis, a PCR amplification was performed prior to Next
Generation Sequencing (NGS) as previously described [15, 16]. Briefly, DNA extracts were
amplified using primers that targeted the 16S rRNA V3-V4 gene region. These primers
included adaptor sequences as well as unique 12 bp barcodes incorporated onto the reverse
primer such that each sample had a unique barcode. Using approximately 100 ng of extracted
DNA, the amplicons were generated with Platinum Taq polymerase (Invitrogen, CA, USA)
using the following cycling conditions: 95°C for 5 min for an initial denaturing step followed
by 35 cycles of: [95°C for 30s, 55°C for 30s, 72°C for 30s], followed by a final extension step of
72°C for 7min, and then stored at 4°C. PCR amplicons were purified using the QIAquick PCR
purification kit (Qiagen Valencia, CA, USA), quantified, normalized, and then pooled in prep-
aration for sequencing using an Illumina HiSeq platform according to the manufacturer’s pro-
tocol (Illumina Inc., San Diego, CA).

NGS data processing and annotation

In the first step of data processing, the generated sequence data were deconvolved using the
sample barcodes to identify sequences from each of the samples. Barcode, primer, and adaptor
sequences were also trimmed as part of this step. PCR artifacts “chimeras” were identified
using the ChimeraSlayer program (http://microbiomeutil.sourceforge.net; reference http://
genome.cshlp.org/content/21/3/494.]long) and removed prior to downstream analysis. The
deconvoluted and filtered sequence data were assigned taxonomy (to the genus level) using the
Ribosomal Database Project (RDP) classifier to generate a sample-genus count matrix. For
Operational Taxonomic Unit (OTU) analysis, we used the Mothur software and subsequently
clustered at 97% sequence identity using cd-hit to generate OTUs [16, 17]. OTU abundances
were loaded into R (version 3.5.1) using the package [18]. Rarefaction curves were calculated
using the R package vegan. The R package DESeQ2 [18] was used to identify taxonomic units
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that were significantly differentially abundant within the analyzed groups. At each taxonomic
rank, we summed the read counts falling into OTUs within each taxon. These counts were
then used for differential abundance analysis assuming a negative binomial distribution. The
threshold for statistical significance was a false detection ratio (FDR) <0.05. For Firmicutes/
Bacteroidetes ratios, we calculated the total counts in the two phyla and computed the ratio of
the counts for each sample. For differential analysis of ratios, we used the Wilcoxon Rank Sum
test on the ratios for each group (CTRL vs. SCD and SCDM vs. SCDS).

SCD murine models

Two SCD mouse models were used for comparison to clinical samples. All mice were housed
and treated in accordance with the Institutional Animal Care and Use study associated Control
mice) and the University of Minnesota, MN (Berkeley SCD model and associated Control
mice) for their respective local protocols. SCD and control mice are not littermates but derived
from the same mice. AA and SS were pulled from different litters. Mice were housed with mice
of the same genotype and gender. Cage, environment, and diet were all standardized among the
different genotypes. Fecal material was obtained from both male and female mice; age ranged
between 6 to 9 months. Stool samples were collected by our collaborators at the two respective
institutions and shipped to us in dry ice, prior to them starting their own approved protocols.
At the end of the protocols, the mice were euthanized using carbon dioxide based protocols.

All mice in this were obtained from the Jackson laboratory (Bar Harbor, ME). The first
model utilized B6:129-Hba™ 84T ppp!m>HECLHEEITow iy pytm3HBGLHERTow 7 gtrain,
here referred to as the Townes (SCD) mice [19, 20]. Townes mice (homozygous HBSS, and
controls, HBAA) do not express mouse hemoglobin. Homozygous Townes (ho/ho:p%/B°,
HBSS) mice carry human normal o- (ho) and sickle hemoglobin beta (8°) genes and express
over 90% of human sickle hemoglobin [21]. Control Townes (ha/ho:p™/p*, HBAA) mice
carry human normal ho and B* genes and express normal human hemoglobin including fetal
hemoglobin [20-23]. Breeding pairs were obtained from the Jackson Laboratory (stock num-
bers 013071 Bar Harbor, ME) and bred in our animal facility. Genotype was determined as
previously described [24]. Stool samples were collected from 7AA control and 13SS Townes
mice. We also obtained stool samples from 12 homozygous HBSS Berkeley mice and 12 con-
trol HBAA mice. The Berkeley SS mouse model (Berk) was developed on a mixed genetic
background with deletions of mouse o and B globins and insertion of transgenes for human o
and B° expressing >99% human sickle Hb; or insertion of human alpha and beta A, expressing
exclusively normal human HbA (control mice). The homozygous Berk mice express >99%
human sickle Hb [25-27]. Mice were bred, phenotyped for homozygosity by isoelectric focus-
ing and housed in a regular semi-sterile facility [28].

DNA was extracted from animal stool samples as described above. After DNA quantifica-
tion, PCR amplification of conserved bacterial 16S rRNA fragments was performed. PCR
products were sequenced using Next Generation Sequencing (Illumina). The generated data
was analyzed to define bacterial compositions and specifics within each mice group as
described for clinical human samples above.

Results

Rarefaction curves revealed adequacy of sequencing depth for both human
and mouse samples

The number of sequencing reads for each human (stool and saliva) and the two SCD mouse
models are reported in S1-S4 Tables in S1 File. Rarefaction curves were established for each set
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of samples. For all samples, the depth of sequencing and number of reads were adequate as all
curves reached OTU detection saturation (S1 Fig).

Stool microbiome characterization in human SCD subjects and controls

The Firmicutes/Bacteroidetes ratio is an important indicator of gut microbiota homeostasis.
The non-SCD control ratio for stool was 1.00004, while SCD subjects had a ratio of 0.65801
(p-value = 0.0212). Comparison of SCDM to SCDS status for SCD subjects revealed a lower
SCDM ratio (0.58936), while more frequently hospitalized subjects had a ratio of 0.7341141
(p-value = 0.901). In saliva samples, Firmicutes/Bacteroidetes ratios were 1.66356 for healthy
controls versus 1.42042 for SCD, and 1.09763 versus 1.75703 when comparing SCDM to
SCDS subjects. None of the differences in saliva samples was significant.

An abundance analysis in stool samples showed that healthy controls and SCD patients
were significantly different for 10 out of 24 bacterial Classes (Fig 1A). A Deseq analysis
revealed that 4 of these classes were more prevalent in SCD patients, namely: Saccharribacteria,
Negativicutes, Actinobacteria and Bacteroidia. The remaining 6 significantly different Classes
namely: Bacilli, Deltaproteobacteria, Entisphaeria, Spirochaetia, Methanobacteria and Opitu-
tae were less abundant in SCD (Fig 1A).

These differences at Class level translated into differences in 11 out of 31 bacterial Orders
with the following orders more abundant in SCD patients: Rhodospirillales, Candidatus

Order

didatus sacchar bacteria
bacterialirmicutes|negativicutes
bacteria|actinobacterialactincbacieria

kacteria|spirochaetes|spirochaetia
archaealeuryarchaeotamethancbacteria

SCD vs. CTRL fold change
SCD vs. CTRL fold change
ia alphaproteabacteria|rhe
bacteria|bactercideles|bacteroidia Dattenaiear 15 la
bacterialfirmicutes bacilli bacterial
bacteriallentisphaerae|lentisphaeria o . e —
bacterialp ibri
bacteria|verrucomicrobia opitutas bacterialfirmicutes|bacillioacillalzs

I 9 < N bacteria/splrachaetes|soirochaetialspirochaetales

Log fold change 4 X
g g bactaria|verrucomicrobia|apitutaz|opitutalas

oE =

Log fold change

Family

SCD vs. CTRL fold change

aceas
bacter laceae

[  signif. more abundant in SCD

aceae

i - Signif. less abundant in SCD|
Gagterialfirmicutes|bacilioacillales caci aceae

aceae
iivaliaceae
aceae

aceae

5 o = N

Log fold change

Fig 1. Differential bacterial Classes (A), Orders (B) and Families (C) between SCD subjects and healthy controls’ stool samples.

https://doi.org/10.1371/journal.pone.0255956.9001
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Saccharibacteria, Bifidobacteriales and Selenomonadales, while Pasteurellales, Desulfovribrio-
nales, Bacillales, Victivallales, Spirochaetales, Methanobacteriales and Opitutales were more
abundant in the controls (Fig 1B).

At the family level, 20 out of 62 bacterial families were significantly different. Those more
abundant in SCD patients were: Acetobacteraceae, Acidaminococcaceae, Candidatus Sacchari-
bacteria, Peptostreptococcaceae, Bifidobacteriaceae, Veillonellaceae, Actinomycetaceae, Clos-
tridiales, Bacteroidaceae and Fusobacteriaceae. The remaining 10 families namely:
Pasteurellaceae, Bacillaceae, Desulfovibrionaceae, Christensenellaceae, Victivallaceae, Metha-
nobacteriaceae, Oxalobacteriaceae, Kopriimonadaceae, Verrucomicrobiaceae and Prevotella-
ceae were significantly more abundant in the controls (Fig 1C).

The above differences at family levels were reflected at the OTU level where a major dysbio-
sis was observed with 208 OTUs more abundant in SCD and 212 OTUs depleted in this group
since they were significantly more abundant in non-SCD controls (Fig 2).

Sub-group analysis within the SCD revealed that there were no significant differences at
Class, Order, Family or OTU levels between patients with frequent vs. less frequent hospitali-
zations (SCDM and SCDS groups).

Oral microbiome analysis of human SCD versus controls

To have a good perspective on the differences observed in the stool samples, that pointed to a
major dysbiosis in the gut microbiome of SCD patients, we analyzed the oral microbiome of
the same patients using saliva samples.

While differences were noticed between oral microbiome of controls compared to SCD
patients, these differences were less pronounced than those observed in the stool samples. At
the Class level, Amphibia, Craniata and Cyanobacteria were significantly less abundant in
SCD which translated in 3 Orders within these Classes as less abundant in SCD patients
namely Oscillatoriales, Enterobacteriales, and Pseudomonadales bacteria (Fig 3A & 3B).

Only 2 Families out of 100 showed significant differences and were less abundant in SCD
patients saliva, Enterobacteriaceae and Pseudomonadaceae bacteria (Fig 3C). The analysis at
the OTU level revealed 28 OTUs as more prevalent in healthy controls while 12 OTUs were
more so in SCD patients (Fig 4).

The analysis of the oral microbiome within the SCD group revealed that there were no sig-
nificant differences at any taxonomic level between SCD patients with high versus low num-
bers of hospitalizations (SCDM vs. SCDS).

Microbiome analysis in SCD mouse models

To compare our findings in clinical samples and to potentially develop a model system for gut
microbiome modulation studies, we characterized the gut microbiome from 2 SCD mouse
models, namely the Berk and Townes mice and their associated control mice. Stool samples
were obtained from 12AA and 12SS Berk mice and from 7AA and 13SS Townes SCD mice.

There were no significant differences in the gut microbiome makeup at any taxonomy level
in the BERK mice, except for one Family kopriimonadaceae which was less abundant in SS
BERK mice when compared to AA genotype mice. While there were differences in many
OTUs abundance, none were statistically significant.

On the other hand, the Townes mice displayed more significant differences that are compa-
rable to those observed in patients’ stool samples. Indeed, Cyanobacteria|gloeobacteria Class
was less abundant in SS mice while bacteria from the Betaproteobacteria Class were more
prevalent (Fig 5A). Four Orders within these two Classes were also significantly different with
Arachnida|Araneae and Gloeobacteria|gloeobacterales as less abundant in SS mice while
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Betaproteobacteria|burkholderiales and Betaproteobacteria|rhodocyclales were more prevalent
in SS Townes mice (Fig 5B).

At the Family level, 7 Families were statistically different with less abundant Families in the
SS Townes model including Araneae|salticidae, Gloeobacterales|gloeobacteraceae Clostri-
diales|oscillospiraceae, Clostridiales|clostridiales family xiii. incertae sedis, Clostridiales|cata-
bacteriaceae, while Burkholderiales|sutterellaceae and Rhodocyclales|rhodocyclaceae were
more prevalent in SS Townes mice (Fig 5C). OTU analysis showed that 37 OTUs within these
Families were significantly different between AA and SS Townes mice. There were 20 OTUs
more abundant in SS and 17 less abundant (Fig 6).

Discussion

We performed a comprehensive gut microbiome analysis in SCD patients that revealed a
major dysbiosis, especially when compared to the saliva (oral) microbiome from the same sub-
jects. Such SCD-associated gut microbiome dysbiosis was confirmed in a humanized SCD
mouse model (Townes), but this was not observed in another commonly used mouse model
(Berk).

The stool Firmicutes/Bacteroidetes ratio in SCD patients was found to be low and about
half the ratio observed in the healthy controls. The Firmicutes/Bacteroidetes ratio in adults
with SCD is comparable to ratios previously reported for infants and elderly subjects [29].
Since these SCD subjects are neither infants nor elderly, this ratio likely points to an aborted
developmental evolution of the gut microbiome that is not observed in healthy adults. This
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Fig 4. Differential OTUs between SCD subjects and healthy controls’ saliva samples.
https://doi.org/10.1371/journal.pone.0255956.9004

could be the result of the ischemic conditions that prevail in SCD patients and the selective
pressure exerted on the gut microbiome beginning at birth due to genetic factors like SCD and
environmental factors like the use of prophylactic penicillin for the first 5 years of life [30]. It is
worth noting that the Firmicutes/Bacteroidetes ratio in SCD patients and healthy controls’
saliva samples were similar and higher, respectively, than those observed in the corresponding
gut microbiome ratios, especially for SCD. The evolution of the gut microbiome in SCD is
likely also affected by heavy use of antibiotics at early ages in both prophylactic dosing and IV
doses given in the hospital for evaluation of fevers.

Bacteria from the Bifidobacteriales Order were found to be more prevalent in SCD patients.
Bacteria of this Order are some of the early colonizers of the human gut microbiome that
should normally be reduced in abundance at later stages but are likely maintained as a result of
the SCD gut environment. This finding has implications for future trials of probiotics in SCD.
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Next generation probiotics, instead of general across the board Bifidobacteria/Lactobacilli pro-
biotics, could complement the specific needs of the SCD gut microbiota.

Further analysis of the SCD microbiome revealed that the dysbiosis is at higher taxonomic
levels since comparison with controls showed significant differences in 10 bacterial Classes, 11
Orders and 20 families. At the OTU level, differences concerned 420 OTUs, of which 208 were
significantly more abundant in SCD patients. To appreciate the magnitude of the observed gut
microbiome dysbiosis, we conducted an oral microbiome analysis using saliva samples from the
same subjects. This showed that at the class level, only 2 families had significant differences and
were less abundant in SCD patients namely: Enterobacteriaceae and Pseudomonadaceae bacte-
ria. OTU level analysis revealed 28 OTUs as more prevalent in healthy controls while 12 OTUs
were more prevalent in SCD. The differences in the saliva samples highlight the significance of
the gut microbiome differences between SCD and controls in this study. Furthermore, the SCD
gut microbiome dysbiosis we are reporting here is more pronounced than the one reported by
Lim et al. who reported differences at the genera levels but not at higher taxonomic levels
between their SCD patients and AS Conrols [31]. The gut microbiome is the most consequential
microbiome in the body for overall health, and our comprehensive gut microbiome analysis in
SCD patients revealed a major dysbiosis which could also exacerbate the pathology of SCD.

Patients with SCD express higher levels of inflammatory cytokines including IL-6 and TNF-o,
and exhibit high levels of inflammation [32]. There were many strong pro-inflammatory inducers
among the bacterial families that defined the SCD gut microbiome. Anti-inflammatory drugs
have been suggested as prophylaxis either together with, or instead of hydroxyurea in SCD
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patients [33]. Indeed, the recently approved Crizanlizumab is the first SCD therapy which directly
targets inflammatory pathways and reduces the annual rate of VOCs [34, 35].
Of the predominant bacterial families in SCD, Acetobacteraceae have been involved in

cases of idiopathic lymphadenitis, especially in patients with chronic granulomatous disease

and as such was included in the group of bacterial pathogens [36]. Veillonellaceae were also
reported to be increased in stool samples of juvenile idiopathic arthritis patients [37]. While
commensal oral and gastrointestinal, and previously considered non-pathogenic, Veillonella-
ceae are known for their capacity to form biofilms which increase the virulence of Streptococ-
cus strains and are increasingly associated with cases of osteomyelitis, meningitis and

endocarditis [38]. Fusobacteriaceae were described in cases of periodontitis, as determinant of
cardiovascular disease via translocation from the oral cavity to the systemic circulation and
more recently associated with colorectal cancer susceptibility [39, 40]. While there are many
pathogens within the Actinomycetaceae Family [41], Peptostreptococcaceae were generally
more abundant in experimentally-induced colitis [42], another evidence of their inflammatory

potential.

The cross talk between the microbiota and the immune system, and more specifically the
neutrophils within innate immunity, adjusts the magnitude of neutrophil-mediated inflamma-
tion on challenge while preventing neutrophil responses against commensals and allowing
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opportunistic pathogens to flourish [43]. More specifically to the context of SCD, the gut
microbiota is reported to affect neutrophil ageing activation processes that play major roles in
vaso-occlusive crises in these patients [44]. Studies correlating gut microbiota composition
and specific immune signatures are needed to further shed light on these correlations.

Our sub-group analysis within the SCD group revealed no significant differences at Class,
Order, Family or OTU levels between subjects with and without frequent hospitalizations (SCDS
versus SCDM groups). This finding might be the result of limited statistical power to detect an
association due to small groups (n = 7 each) or it could be attributable to a true lack of correlation
between gut microbiome and pain episodes. These points will be further investigated through
larger trials and more precise phenotyping of hospitalizations and pain events frequencies.

There are other potential factors which could affect association analyses of gut microbiome
dysbiosis including inflammatory and other host genetic factors. Tozatto-Maio et al. recently
reported in an international SCD cohort from Brazil, France and Senegal that a Toll-like recep-
tor 2 (TLR2)genetic variant modulates occurrence of bacterial infections in SCD patients [45].
As such, TLR2 variants and other genes involved in the crosstalk with the gut microbiome
might be needed to shed more light on correlations between the gut microbiota dysbiosis and
clinical manifestations like pain. Similarly, other factors like fetal hemoglobin levels and other
host genetic factors are also associated with hospitalizations for pain.

To validate the clinical samples’ findings and to potentially have a model for gut micro-
biome modulation experiments, we also characterized the gut microbiome in 2 SCD mouse
models, namely the Berk and Townes mice. While the Berk model showed no significant dif-
ferences in the gut microbiome composition at any taxonomy level, except for the kopriimona-
daceae family, Townes mice displayed significant differences comparable to the human stool
microbiome in SCD. Indeed, bacteria from the Betaproteobacteria class were more prevalent
in SS Townes mice. Two Orders within this Class (Betaproteobacteria|burkholderiales and
Betaproteobacteria|rhodocyclales) were significantly abundant in SCD SS Townes mice, fur-
ther translating to two prevalent Betaproteobacteria families (Burkholderiales|sutterellaceae
and Rhodocyclales|rhodocyclaceae). The OTU analysis showed that 37 OTUs within these
families were significantly different between AA and SS Townes mice, with 20 more abundant
in SS and 17 more so in AA mice. These findings, while not directly comparable to clinical
samples, because of intrinsic differences between human and mice gut microbiome, show that
at least one SCD mouse model suggests a dysbiosis. Furthermore, Proteobacteria in general,
and Betaproteobacteria are known to contain many pathogens and opportunistic pathogens
that might play a similar role as the prevalent bacterial Families in SCD patients such as Aceto-
bacteria, Fusobacteria, Actinobacyrtia and Peptostreptococaceae. Worth noting that while we
carefully chose SCD patients and controls to minimize the effects of confounding factors such
as age, gender and antibiotic exposure, the well-controlled mice experimental setting might
suggest that the dysbiosis observed in the Twones mice is solely and predominantly driven by
conditions associated with the SCD phenotype. These findings support further exploration of
this mouse model for gut microbiome modulation effect studies in SCD. These studies might
also use germ free Townes mice that can receive fecal matter transplants from healthy humans
and those with SCD to determine if these mice would respond and reshape the transplanted
gut microbiota. These experiments might also challenge the transplanted mice to assess their
pathogen colonization resistance and associated immune responses.

In conclusion, we have generated a descriptive analysis of the gut microbiome in adults
with SCD which suggests a major dysbiosis at higher taxonomy levels. Our data provide a
foundation to launch the application of next generation probiotics specifically designed for
SCD patients to potentially reduce gut microbiota-driven inflammation, which may ultimately
mitigate the severity of VOC and other end organ damage.
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