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ARTICLE INFO ABSTRACT

Keywords: The gut microbiome has come to prominence across research disciplines, due to its influence on
Aging major biological systems within humans. Recently, a relationship between the gut microbiome
Microbiome

and hematopoietic system has been identified and coined the gut-bone marrow axis. It is well
established that the hematopoietic system and gut microbiome separately alter with age; how-
Hematologic disorders ever, the relationship between these changes and how these systems influence each other de-
Gut dysbiosis mands investigation. Since the hematopoietic system produces immune cells that help govern
Inflammation commensal bacteria, it is important to identify how the microbiome interacts with hematopoietic
stem cells (HSCs). The gut microbiota has been shown to influence the development and out-
comes of hematologic disorders, suggesting dysbiosis may influence the maintenance of HSCs
with age. Short chain fatty acids (SCFAs), lactate, iron availability, tryptophan metabolites,
bacterial extracellular vesicles, microbe associated molecular patterns (MAMPs), and toll-like
receptor (TLR) signalling have been proposed as key mediators of communication across the
gut-bone marrow axis and will be reviewed in this article within the context of aging.

Hematopoietic stem cells
Stem cell regulation

1. Introduction

This review aims to investigate the relationship between the microbiota and hematopoietic system and address how age impacts
this relationship. The microbiota consists of a collection of bacteria, fungi, archaea, and viruses that naturally inhabit the human body
in a commensal relationship [1,2]. Each individual’s microbiota is dependent on age, diet, medication, lifestyle, and physical envi-
ronment [3]. Microbes release various metabolites and molecules that can directly enter the circulation to induce cellular changes.
Although the hematopoietic system sustains blood and immune cell populations, the microbiota plays a significant role in the
development of innate and adaptive immunity during the lifetime of the individual [4]. Because the microbiome releases molecules
directly into circulation, the microbiota has the potential to contribute to the development of age-associated changes within he-
matopoietic stem cells (HSCs) and mature hematopoietic populations. Murine studies investigating the microbiome and hematopoietic
system are limited with respect to extrapolating findings to humans, due to differences between mouse and human hematopoietic and
microbiome compositions. Despite the variation between mouse and human, the effects of microbial influence on hematopoiesis in
murine models provide a preliminary basis for modelling the gut-bone marrow axis. The age-associated changes observed in the gut
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microbiome and their possible role in the functional decline of the hematopoietic system will be reviewed in this article, with the goal
of outlining the current understanding of the gut-bone marrow axis.

2. Changes in the gut microbiome throughout life and markers of healthy aging

The human microbiota is composed of diverse communities of bacteria, fungi, archaea, and viruses that are proven to systemically
influence physiological processes, with the gut biota being the most densely populated and most studied [5]. The diversity and
composition of microbial populations is dynamic and changes throughout life (Fig. 1). It has been shown that the chronological age of
healthy mice can be accurately estimated from bacterial RNA-seq data of their feces [6]. Theoretically age-based models could be
developed using human datasets considering the composition of the gut microbiome is also known to be indicative of age. However, a
more thorough characterization of human bacterial gut populations during aging is required [7].

At birth, the human microbiome is significantly influenced by maternal microbiota, through childbirth and breastfeeding [8].
Infants born vaginally vs Caesarian-section have significantly different microbiomes [9,10]. Infants born vaginally have microbiomes
enriched for Lactobacillus species introduced from the vaginal microbiota of the mother, while infants born by Caesarian-section have
microbiomes enriched for organisms known to colonize the skin including Staphylococcus, Streptococcus, and Cutibacterium [8].
Development of the human gut microbiome has also been shown to be influenced by feeding modality, with breast-fed infants pos-
sessing increased Bifidobacterium and Lactobacillus populations [11]. It is clear from these studies that the early intimate physical
environment provides the opportunity for initial microbial colonization. Therefore, events in life where there is close physical contact
can drive development of the human microbiome. Although delivery method does not measurably influence the composition of the
microbiota beyond 6 months of age, dysbiosis endured during early life may impact the development of disease at later stages [12].

In the first year of life an infant’s microbiome is less complex, but often similar to the maternal microbiome, and begins to rapidly
shift when solid food is introduced [13]. Despite infants having less individual complexity (alpha-diversity) compared to adults, there
is greater diversity between infants (beta-diversity) than between adults [14]. At around age three, children start to develop similar
microbial communities and variability of species as found in adults. Alpha-diversity of microbial species inhabiting the gut tends to
increase throughout adulthood and beta-diversity tends to decrease from childhood to adulthood [15]. There are known sex differ-
ences in community profiles of the human gut microbiome, with certain bacterial populations being differentially enriched between
sexes [16]. In a study on 2301 healthy individuals from Ukraine, it was determined that the female microbiome had proportionally
more Firmicutes and Actinobacteria, and proportionally less Bacteroides compared to the male microbiome [16].

The adult gut can be influenced by various factors including their diet, lifestyle, environment, disease state, and treatment with
antibiotics [17]. Disruption of the gut microbiota with infection and subsequent antibiotic treatment can occur many times throughout
every human’s life, which challenges the gut microbiome resulting in dysbiosis. Eventually the human gut recolonizes following the
end of antibiotic treatment, but the time it takes to return to normal depends on alpha-diversity before treatment, the health of the
individual, and their chronological stage of life [18]. Because some individuals vary at recovery from antibiotics, the use of narrow
spectrum antibiotics are considered over broad-spectrum treatments to minimize dysbiosis [19,20].

The influence of diet on the composition of the human gut microbiome has been well characterized using studies documenting
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Fig. 1. Microbiota composition throughout life. The human microbiota is influenced by various factors unique to an individual, including differ-
ences in diet, environment, and exposure to antibiotics resulting in increases and decreases in microbial diversity throughout life. However, certain
bacterial species confer greater protection against age-related decline. At birth, the infant’s microbiota is initially influenced by the mother’s
microbiota and by the mode of birth. Through adolescence and adult life, the microbiota is altered by environmental changes during an individual’s
life. The microbiota is stable throughout adulthood unless there is a pressure that causes dysbiosis. The later stages of aging correspond to a decrease
in diversity within an individual, but an increased diversity between elderly individuals. Considering the gut-bone marrow axis, the composition of
an aged microbiota may influence the onset of age-related decline within HSCs and the hematopoietic system. Figure made by Adobe Suite.
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eating habits from different cultures and geographic locations. The western diet ranks as one of the poorest diets for promoting gut
health, with a high fat and low fiber intake characteristic of American cuisine [21]. Individuals that immigrate from Asia to the United
States have been shown to rapidly lose microbial diversity in the gut after immigrating, as well as an increased risk for obesity [22].
Characterizing specific commensal bacterial species comprising a healthy human microbiome, is a major focus in the field [15,18].
Bacteria that have been found to be consistent and important inhabitants across many different host species are known as keystone
species. Examples of human keystone species include Bacteroides fragilis and Bacteroides stercosis, known to influence the macro
structure of the gut microbiome and are found across most age groups and geographical areas [23]. Keystone species are essential in
the reconstitution of the microbiome after events like antibiotic treatment, that cause depletion of species susceptible to certain drugs
[23]. Most keystone species are highly efficient at degrading complex polysaccharides in the gut, which is thought to play a protective
role by providing alternative energy sources for other bacterial species after an event of dysbiosis [24].

During the latest stages of life, the alpha-diversity of the gut microbiome tends to decrease, while the trajectory of beta-diversity
also reverses and increases for the remainder of life [25]. The genus’ Akkermansia and Erysipelotrichaceae have been shown to be more
abundant in healthy aging individuals, while the Streptococcus genus has been shown to be more abundant in individuals with an
unhealthy aging phenotype [26]. Diseases associated with aging, such as cancer, cardiovascular disease, pulmonary disease, and
diabetes are associated with the colonization of more pathogenic microbiota [26]. Individuals that live past the age of 105 i.e.
supercentenarians, are often enriched in Akkermansia, Bifidobacterium, and Christensenellaceae [27]. In addition, Akkermansia muci-
niphia has been shown in mouse models to reduce age-related decline through anti-inflammatory effects on various tissues [28].

The gut microbiome and metabolites such as short chain fatty acids (SCFA), can serve as markers of healthy aging. Acetate,
butyrate, and propionate are produced by the gut microbiota and can act as markers of physical frailty [29]. Other SCFA metabolites
are known to play a role in inflammation and immunity [30]. For example, butyrate produced by the commensal class of bacteria
Clostridia, positively correlate to the number of regulatory T-cells in the colon of mouse models [31]. A proposed mechanism by which
certain SCFAs (acetate propionate, and butyrate) promote healthy aging, includes the ability to influence signalling pathways involved
in redox homeostasis pathways mediated by nuclear erythroid 2-related factor 2 (Nrf2), which may be protective against oxidative
stress [32].

Lactate has a dual role as a metabolite produced by specific colonic bacteria, as well as an important factor in the production of
SCFAs, thereby making lactate vital in the homeostasis of the microbiota and colonization of key microbial species. It is important to
note that a healthy microbiome is reliant on diverse microbiota to balance lactate production and consumption [33]. When an over
abundance of lactate occurs, this is associated with increased inflammation and reduced production of butyrate and propionate.
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Fig. 2. Changes within young, old and leukemic hematopoietic stem cells. During aging, hematopoietic stem cells (HSCs) undergo changes that
affect function. Young HSCs display balanced myeloid and lymphoid differentiation and an ability to maintain homeostatic mature blood cell
populations. In contrast, old HSCs are associated with decreased self-renewal and the onset of myeloid-biased differentiation. Leukemic HSCs exhibit
specific changes characteristic of malignant transformation, however, these are more consistent with aged HSCs than young HSCs. Myeloid ma-
lignancies are characterized by a reduction in lymphoid progenitors and mature cells with concurrent over-expansion of myeloid progenitor
populations. Figure made by Adobe Suite.
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Indole, another metabolite of the microbiome, is important in maintaining gut health through the activation of the aromatic hy-
drocarbon receptor (AhR). Indole is involved in the production of AhR ligands and consequently plays a role in the regeneration of
intestinal epithelial cells after injury. AhR maintains homeostasis by protecting the stem cell niche, through restriction of proliferation
via transcriptional regulators [34]. Microbial production of indole also plays a role in the AhR/IL-22 axis. Activation of this axis in-
creases IL-22 transcription and balances mucosal responses allowing the development of a diverse microbiome [35].

Lastly, despite not being a metabolite, iron is another factor key to induction of cellular signaling events triggered by the micro-
biota. Iron plays a vital role influencing the composition of the microbiota, while inversely aiding in iron storage within intestinal cells
[36]. Several studies have identified that the microbiota and iron regulate each other; this crosstalk has been observed in infants and
adults and its regulation is vital to prevent anemia across multiple age groups [37-39]. These studies highlight that many metabolites
of the microbiome play an important role, both directly and indirectly, in regulating gut health and are perturbed with age-associated
changes to the microbiota.

3. Changes in the hematopoietic system through life

Biological aging can be defined as time dependent changes resulting in a functional decline of molecular mechanisms, at all levels of
cellular organization. Although aging is associated with specific biological alterations, not all cellular systems experience functional
decay at the same rate. Biological age refers to the phenotypic presentation of age-related decline, while chronological age refers to the
time that has passed from birth to a given date. Individuals with decreased biological aging can be defined as super-agers and are
typified by a delay in age-related decline such as myeloid differentiation, loss of self-renewal, and decreased HSC fitness [40] (Fig. 2).
In contrast, accelerated agers are associated with a more rapid decline in cellular mechanisms and are more prone to earlier disease
onset [40].

Hematopoietic stem cells exist as long-term HSC (LT-HSC) and short-term HSC (ST-HSC) populations. Through a process of
asymmetric cell division, LT-HSCs can self-renew to sustain the stem cell pool or differentiate into short-term HSCs (ST-HSCs) that
undergo proliferation and differentiation to produce terminally differentiated, functional hematopoietic cells [41]. ST-HSCs or mul-
tipotent progenitors (MPPs) sustain hematopoiesis in the short term, while the LT-HSCs are required to maintain the stem cell pool over
the lifespan of the organism [42]. Since the probability of acquiring mutations increases as individuals age, LT-HSCs of elderly in-
dividuals are more likely to harbor mutations.

Aging impacts hematopoietic stem and progenitor cells (HSPCs) and as a result, the absolute number of HSCs increase [43]. HSCs
also display reduced functionality and are less capable of producing mature cells. Changes to quantity and function of these pop-
ulations subsequently lead to the dysfunction of homeostatic local and systemic immune response mechanisms. Aging is associated
with the acquisition of a subset of mutations in HSCs that results in the expansion of a single hematopoietic stem cell clone. This
phenomenon, known as clonal hematopoiesis (CH), increases as individuals age and is detected in 10-20 % of individuals over 70 years
[44].

Aged HSCs can be characterized by the mutations they carry, resulting in loss of function or the transcriptional upregulation of
genes involved in cell-cycle, cell proliferation, and hematopoietic development. The most common CH mutations are deletions in
epigenetic regulators (DNMT3A and TET2) and are often the earliest acquired mutations in acute myeloid leukemia (AML) patients
[45]. Mutations in CH genes ultimately result in increased self-renewal capacity, and a differentiation bias toward myeloid lineages
[46]. Aged HSCs exhibit altered cellular fitness through the acquisition of other mutations resulting in deficiencies in DNA damage
repair pathways (PPM1D, TP53, ATM, CHEK2), 3’ splicing, (SF3B1, SRSF2, U2AF1) and cell cycle activity (DNMT3A, TET2, ASXL1)
[47]. These mutations are acquired exponentially in an age-associated manner [48]. The rate of somatic mutation acquisition in
humans increases with chronological age, putting the individual at a greater risk of decline. For example, deficiencies in DNA damage
repair ultimately allow for an increase in mutational burden, which results in the loss of stem cell function. Mutations in these genes
correspond to an increased frequency of immunophenotypic HSCs observed in aged mice and humans, that produce less functional
mature blood cells [49].

Hematopoietic stem cells and progenitors are also susceptible to time dependent changes. As HSPCs differentiate, they commit to
either lymphoid or myeloid clonal-level lineage commitment pathways resulting in lymphopoiesis or myelopoiesis. Within the
lymphoid compartment, aging induces disruption of T-cell function and a reduction of B-cell production. T-cells are central to adaptive
immunity and migrate from the bone marrow to develop and mature within the thymus before contributing to immunological pro-
cesses. T-cells aid in the immune response by activating B-cells and by directly killing infected cells. During aging, T-cells display
reduced T-cell receptor (TCR) diversity [50]. Decreased TCR-antigen presenting cell (APC) signaling leads to defects in the recruitment
of the supramolecular activation cluster (SMAC), also known as the immunological synapse. The immunological synapse is the site
where the TCR is triggered by antigen ligands [51]. Dysfunction in SMAC recruitment results in a reduction in activated T-cells. The
decreased functionality of T cells is a major contributor to the age-related changes observed in mature blood cell populations.

The other lymphoid lineage of mature blood cells known to change as humans age are B-cells, which initially develop within bone
marrow, migrate, and eventually produce antibodies in response to pathogens. B-cell activation and maturation can be T-cell
dependent or independent and occurs within germinal centers of secondary lymphoid tissues; lymph nodes, spleen, and tonsils [52].
Aging leads to reduced B-cell maturation, as well as a decreased induction of germinal center formation [53]. Both of these processes
rely on CD4" helper T cells and subsequent impairments in T-cell function correspond to direct alterations in B-cell function.
Dysfunctional B-cells observed with aging are associated with altered immunoglobulin levels [54]. Similar to T cells, there is general
decline in the functional capacity of B-cells as humans age, contributing to the overall decline in immunological function.

In contrast to lymphoid populations, myeloid cells increase in number throughout aging, a process referred to as myeloid skewing,
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whereby a greater proportion of HSCs commit to the myeloid lineage. However, despite the increase in quantity, the overall func-
tionality of myeloid cells decrease. Neutrophils display reduced phagocytosis and cell killing in older individuals [55]. Macrophages
have been shown to functionally decline similar to neutrophils, where older mice display a reduction in phagocytic activity [56].
Monocytes isolated from older humans have been shown to have both attenuated immune responses when stimulated by toll like
receptor (TLR) signaling and a decreased cytotoxicity against tumor cells due to decreased activation status [57]. Similar to other
myeloid cells, erythrocytes and erythrocyte parameters, such as hemoglobin levels, display an age-related decline in both males and
females [58,59]. Further supporting this observation, it has been observed that 10-15 % of individuals older than 65 years have
anemia due to age-related dysfunction, rather than nutritional deficiencies. This figure increases to 24.2 % and 39.5 % in females and
males respectively when older than 85 years of age [58]. The prevalence of anemia is higher in populations of lower-middle income
countries [60].

The bone marrow microenvironment or milieu is also profoundly affected by time. Cell types that comprise the bone marrow milieu
include endothelial cells, mesenchymal stem cells (MSC), fibroblasts, adipocytes, chondrocytes, osteoblasts, megakaryocytes, CXCL12-
abundant reticular (CAR) cells, pericytes, smooth muscle cells, sympathetic neurons, Schwann cells and macrophages, all of which
contribute to HSC maintenance during the lifetime of the individual [61,62]. The composition of the bone marrow milieu also in-
fluences the functionality of HSCs [43]. This is demonstrated by experiments transplanting HSCs to young or old bone marrow en-
vironments. Transplantation of old HSCs into young mice (8-10 weeks) resulted in the rejuvenation of old HSCs, which were
functionally equivalent to young HSCs. Transplantation of young HSCs within old mice (19-24 weeks), resulted in a decrease in HSC
function. The restoration of function to old HSCs were attributed to factors provided by the young bone marrow milieu [63]. Bone
marrow milieu extracellular factors such as stem cell factor (SCF) and CXCL12 are highly expressed by osteoprogenitors and CAR cells
which additionally influence HSC activity [64]. The accessibility and regulation of these bone marrow factors are aided by MSCs,
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Fig. 3. Gut translocation of microbially-derived molecules influences signaling pathways within the bone marrow. Molecules derived from the gut
microbiota are implicated in the induction of changes and regulation of HSCs and the hematopoietic system. SCFAs bind various receptors that
influence hematopoiesis/erythropoiesis in healthy individuals. MAMPs translocate to the bone marrow and activate TLR signaling on mature blood
cells. This interaction can generate a microbiota-induced release of cytokines that activate signaling pathways involved in inflammation. Bacterially-
derived extracellular vesicles (EVs) can also be secreted by bacteria and mobilize into the circulation (including the bone marrow). Once in the
circulation, bacterial EVs locate to distant tissues and activate cellular signaling through the shuttling of bioactive cargo. Figure made by
Adobe Suite.
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skeletal cells, and stromal cells. Within the bone marrow it has been shown that LT-HSCs bind to cadherin positive cells which are
frequently located near homogenous perivascular regions of the bone marrow [65]. Therefore, both perivascular regions and cadherin
positive cells in the bone marrow are important in the age-related changes observed in the regulation and maintenance of HSCs.

Bone marrow aging is associated with the activation of pro-inflammatory responses that contributes to a systemic low-grade
inflammation, known as inflamm-aging [66]. The induction of inflamm-aging is activated by the release of pro-inflammatory cyto-
kines (IL-1, IL-6, IL-11, TNF-a, IFN-a, IFN-y) as well as an increase in inflammatory markers: C-reactive protein, MIP-2, NF-xB, and
RANTES [66]. Additional alterations to inflammatory signaling can contribute to more significant inflammation, a common charac-
teristic associated with the development of hematologic disorders, and disease in general. Long-term inflammation contributes to HSC
depletion and potential changes to differentiation of downstream progenitors [67]. Lastly, aging within the bone marrow milieu is
characterized by the overall loss of cellularity over time. Decreased cellularity results in the replacement of hematopoietic tissues with
adipocytes, leading to reduced hematopoietic regeneration [68]. The depletion of bone marrow cellularity begins at birth and con-
tinues to decline with age. At 50 years of age the average cellularity is 50 %; however, wide ranges of 30-70 % have been observed
[69]. This highlights the importance of the bone marrow milieu in the aging hematopoietic system.

4. Messengers of the gut-bone marrow axis

The commensal relationship between the microbiota and the intestine results in the release of SCFAs, lactate, iron, tryptophan
metabolites, bacterial extracellular vesicles and microbial molecules (microbe-associated molecular patterns (MAMPs)). These mol-
ecules can enter the bloodstream via interaction with specialized receptors or extravasate between gaps in the intestinal epithelium
and act as regulating effectors on hematopoiesis via the gut-bone marrow axis [70] (Fig. 3). Alternatively, they can also act on in-
testinal cells to initiate signaling pathways that additionally affect hematopoiesis. It has been suggested that microbial sourced
molecules contribute to inflamm-aging, through the perpetual release of pro-inflammatory mediators. This is also implicated in
age-related inflammation within the hematopoietic system; evidence suggests that pro-inflammatory cytokine release increases
throughout an individual’s life [71]. Due to its importance in aging, inflammation may play a significant role in mediating the gut-bone
marrow axis [72]. Although links between the hematopoietic system and microbially derived molecules have been identified, exact
mechanisms and resulting effects on hematopoiesis have yet to be fully appreciated [73-76].

(i) Microbial Translocation:

Gut permeability is associated with age and can be characterized by a disruption of intestinal barrier integrity paired with increased
translocation of microbial products and the dysregulation of cytokines, intestinal stem cell regeneration, and tight junctions [77]. The
loss of integrity alters the membrane’s ability to mediate the movement of microbial compounds [77]. When membrane integrity is
perturbed, there is a marked increase in the translocation of microbial effector molecules into the bloodstream, which can then
circulate to the bone marrow, thus participating in the gut-bone marrow axis [78]. If humans have greater intestinal permeability as
they age, then it can be assumed that the dynamics of the gut-bone marrow axis are more prominent in older individuals.

(ii) Short Chain Fatty Acids:

An essential part of commensal bacteria inhabiting the human gut is to ferment undigested carbohydrates into smaller molecules,
including SCFAs. These molecules can bind SCFA receptors allowing transport across the intestinal epithelium and have been
implicated in regulating HSC fate and promoting hematopoiesis and erythropoiesis [73,74]. An important SCFA in the gut-bone
marrow axis is butyrate, which has a role in regulating hematopoiesis by increasing local iron levels, through macrophage activity.
Increased macrophage activity enhances phagocytosis of red blood cells (RBCs) and elevates iron availability in the bone marrow [73].
The presence of iron in the bone marrow aids in the maintenance of homeostatic lineage regeneration by HSCs. In addition to
iron-related regulation, supplementation with butyrate helps maintain bone marrow cellularity and lineage differentiation by
providing rapid access of iron for regeneration of HSCs [73]. In contrast, the depletion of butyrate results in dramatic expansion of
HSPCs but with a significant reduction in long-term repopulating activity, likely due to the lack of iron available to regenerating HSCs
leading to dysfunctional differentiation capacity [73]. Therefore, the presence of SCFAs within circulation plays a role in the main-
tenance of hematopoiesis.

Age-related changes in SCFA levels remain controversial in the literature. Some studies demonstrate that age alone is sufficient to
result in decreased SCFA concentrations [79], while other studies have shown elevation of peripheral blood SCFA levels with age [80].
Potential changes in SCFA levels in aging individuals may be due to reduced SCFA-producing bacteria colonizing the gut microbiome
or alternatively an increased prevalence of microbial translocation with age [81]. Age-related changes in SCFA concentrations are also
impacted by the microbiome makeup and expression of the SCFA receptor Gpr41l [80]. Therefore, changes in the specific microbiota
with age have a complex relationship with physiological SCFA concentrations that in turn impact the age-associated changes within
the hematopoietic system.

(iii) Lactate:

Lactate, a primary messenger in the gut-bone marrow axis, is a biproduct of both human endogenous glycolysis and microbial
metabolism. Similar to SCFAs in structure and production, lactate is formed through the fermentation of glucose. Lactate has been
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implicated in the regulation of hematopoiesis, from studies analyzing the effects of lactate depletion on HSC differentiation. It has been
observed that lactate dehydrogenase and corresponding lactate levels affect differentiation of HSCs and HSPCs [82]. In relation to the
microbiome, alteration of microbially-derived lactate levels from Lactobacillus plantarum, promotes both hematopoiesis and eryth-
ropoiesis [74]. Lactate aids in SCF expression by leptin receptor-expressing (LepR+) MSCs and accelerates SCF secretion. Increased
SCF levels are associated with bone marrow cellularity through the interaction with Gpr81 signals [74]. Lactate requires TLR signaling
to initiate Gpr81-dependent intracellular signaling pathways that influence HSC differentiation. The connection between lactate and
cell differentiation highlights the importance of lactate-producing bacteria in a healthy gut microbiome.

In the context of aging, lactate levels in blood remain variable between individuals as they age [83]. Inconsistent with blood lactate
levels, lactate concentration increases in the brain with age [84]. Interestingly, the presence of hyperlactatemia is suggested to increase
with age due to mitochondrial dysfunction and is associated with poorer prognosis in multiple diseases. Although there remain limited
investigations into the connection between lactate and age, these findings highlight the importance of a homeostatic gut microbiome to
maintain a metabolic balance between oxidative phosphorylation and glycolysis and subsequent lactate levels.

(iv) Iron:

Iron has been suggested as an alternative signaling molecule due to its influence on hematopoiesis, while also playing a role in
controlling microbial composition and gut activity [36,85]. Luminal concentrations of iron regulate the microbiota, as demonstrated
by the supplementation of iron resulting in altered microbial composition (increases in Bifidobacterium, Succinivibrio, Turicibacter, and
Clostridium) compared to iron depletion [86]. Iron homeostasis is important in regulating and maintaining self-renewal of HSCs via
FBXL5 [87]. FBXL5 acts as a mediator of iron regulatory protein 2 (IRP2) by regulating IRP2 stability, which plays a role iron ho-
meostasis and metabolism. Downregulation of FBXL5 is associated with dysfunction of hematopoiesis, common in myelodysplastic
syndrome (MDS). Deficiencies in local iron availability within the bone marrow leads to abnormal activation and cell cycle induction
of HSCs. Macrophages, a major contributor to this axis, coordinate iron availability in the regulation of HSC dynamics. Bone marrow
macrophages control local iron availability to HSPCs ready for differentiation [73,88]. Varying iron levels initiate tissue-specific al-
terations with age, for example, in older individuals, the brain has been documented to possess increased iron levels [89,90]. However,
within peripheral blood, iron levels typically decrease with increasing age. This is likely due to elevated circulating hepcidin, a protein
that inhibits iron transport through gut enterocytes and traps iron within the gut. This decrease in iron levels corresponds to the
increased prevalence of anemia, a disease coupled to iron depletion, within the elderly population [91].

(v) Indole and other Tryptophan Metabolites:

Tryptophan metabolites, particularly indole, play a crucial role in regulating hematopoietic functions by targeting the self-renewal
of hematopoietic stem cells. Zeng et al. identified that fecal microbiota transplantation (FMT) from young donor mice can rejuvenate
aging HSCs through the production of tryptophan metabolites. Specifically, treatment with tryptophan, indole, or indole-3-butyric
enhances the population of LT-HSCs. When transplanted, these LT-HSCs show improved engraftment efficiency and clonogenic ca-
pacity within the bone marrow. Moreover, they significantly reduce serum levels of specific inflammatory mediators, such as IL-1p, IL-
5, and CXCL1, in aged mice [92]. This suggests the potential role of the microbiota in regulating HSC function through the metabolism
of endogenous and exogenous tryptophan.

Alternative indole derivatives have demonstrated regulatory effects on different HSC populations. Incubating umbilical cord blood
cells with pyrimidoindole derivatives that target the aryl hydrocarbon receptor pathways results in the expansion of HSC-enriched
populations. This expansion coincides with the maintenance of primitive LT-HSC populations while enhancing the expansion of
progenitor populations [93]. Pyrimidoindole derivatives do not affect the rate of division of primitive populations but enhances
LT-HSC function. Engraftment studies with pyrimidoindole treated umbilical cord blood cells resulted in a three-fold increase in
engraftment potential [93]. Additionally, incubation suppresses mature cell differentiation. This study suggests that bacteria capable
of metabolizing tryptophan into indole derivatives could offer a promising avenue for regulating and maintaining HSCs.

(vi) Bacterial Extracellular Vesicles

Extracellular vesicles (EVs) are lipid encapsulated nanoparticles thought to be produced by all human cells and the microbiota. In
humans, EVs are abundant in all bodily fluids, including blood, and have been shown to play a role in the maintenance of HSCs
[94-96]. Bacterial EVs, known as outer-membrane vesicles (OMVs), have been documented to be present in human blood [97]. As
much as one million OMVs per mL can be found in human blood; in contrast human blood contains ~100 to a 1000 fold more
eukaryotic EVs per mL of blood [97].

Although less abundant than EVs derived from human cells, OMVs have the potential to affect systems distant from the microbiota.
In mouse models, OMVs display a similar bioavailability to eukaryotic EVs, and have been shown to be capable of crossing the blood
brain barrier and promoting TNF-a secretion [98]. Extracellular vesicles are of major interest as mediators of intercellular commu-
nication, therefore understanding how OMVs may interact in the bone marrow milieu, and possibly influence hematopoiesis will be
crucial in future studies involving the gut-bone marrow axis.

Despite limited research investigating OMVs within the context of hematopoiesis, one study has identified significant increases in
circulating OMVs with age. The OMVs were identified to be increased due to dysregulation of the intestinal barrier, which was
associated with aging in mice [99]. Bacterial EVs have also been shown to dysregulate inflammatory pathways and myeloid
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differentiation in monocytes, macrophages, and dendritic cells in the context of aging [100]. OMVs have been shown to reflect the
composition of the microbiota, potentially highlighting the impact of an aging microbiome on intercellular signaling [101]. This is
further supported by a study identifying patients with gastric cancer having a significantly altered alpha diversity and microbial
composition compared to healthy individuals [102]. Collectively, these studies emphasize the potential impact bacterial EVs may have
on HSC regulation, and how this may change during aging.

(vii) Intracellular Signaling Pathways influenced by the Microbiome

Microbe-associated molecular patterns (MAMPs), foreign antigens produced by microbes, have a significant influence on hema-
topoiesis. These molecules directly interact with TLRs and can induce changes in HSCs and contribute to age-associated inflamm-aging
[103]. Microbe-associated molecular patterns contribute to steady-state myelopoiesis and granulopoiesis, via MyD88 and TLR
signaling [104]. MyD88 plays a role in innate immunity and is a canonical adaptor for inflammatory signaling pathways through its
interaction with TLR and IL-1 receptor families [105]. The relationship of IL-1 receptors and MAMPs is associated with increased
inflammation in older mice as shown by analysis of IL-1R1 knock-out models by Kovtonyuk et al. Knockout of IL-1 receptors in
24-month old mice restored lineage bias and enhanced engraftment potential of HSCs to levels similar to young HSCs [103]. The
expression of MyD88 in myeloblast and myeloid cells is required for systemic recruitment of neutrophils and can be influenced by
MAMPs. Reduced MyD88 stimulation by MAMPs can result in impaired neutrophil migration into the blood [106]. Additionally,
MyD88 activation in myeloid cells through the TLR4 complex triggers the production and secretion of inflammatory cytokines [107].
Aged mice demonstrate increased expression of TLR4 on macrophages, further implicating MAMPs and TLR signaling in age-associated
inflammation [108]. Therefore, MAMPs are implicated in the development of the chronic inflammatory state of aged individuals. The
makeup of the microbiome and subsequent secretion of MAMPs specific to inflammatory cytokine production contributes to
age-associated changes in the hematopoietic system.

The activation of other intracellular sensors by MAMPs include nucleotide-binding oligomerization domain-containing protein 1
(NOD1). NOD-1 ligands such as D-glutamyl-meso-diaminopimelic acid, maintains and/or restores HSC and precursor populations in
the bone marrow [109]. Signaling of NOD1/NOD2 has also been shown to mobilize HSCs during infection through the stimulation of
granulocyte colony-stimulating factor (G-CSF) [110]. These protein receptors also stimulate expression of hematopoietic associated
cytokines and a pro-inflammatory response [109].

The regulation of hematopoiesis by MAMP signaling events are not limited to HSCs or HSPCs in the bone marrow. Both MAMPs and
intracellular sensors like NOD-1 utilize MSCs in the bone marrow as intermediates to induce changes within the hematopoietic system.
MSCs maintain both oxidative phosphorylation and glycolytic functions and additionally signal through the production of other
metabolic factors [111]. This has been highlighted by assessing the impact of the microbiota on adipogenic and osteogenic factor
expression in MSCs, exhibiting changes in metabolic pathways, HIF-1/inflammatory signalling, and neurodegenerative pathways
[112]. Alterations in MSCs by the microbiota are purported to have downstream effects on age-associated changes observed in HSCs. It
is known that the mesenchymal compartment supports HSCs and progenitor populations through physical contacts and by the
secretion of soluble factors [113]. The microbiota thereby regulates MSCs by regulating proliferation and differentiation capacities of
HSPCs which in turn promotes cytokine secretion and maintains the immunomodulatory properties of these cell populations.

5. The role of the microbiome in hematologic malignancies

The gut microbiota has been implicated in increasing the risk of developing cancer and impacting disease outcome. The most
studied interaction of the microbiome in cancer is the influence of gut health on immunotherapy, where certain microbial species are
associated with better responses to therapy. For example, the presence of commensal Bifidobacterium in the gut was shown to be closely
associated with more favourable outcomes in mice treated with anti-PDL-1 immunotherapy [114]. Specifically, oral administration of
Bifidobacterium alone was shown to have anti-tumour effects on melanoma [114]. These findings illustrate how gut health, and the
diversity of gut flora may be key in the treatment of particular cancers.

Recent studies into the gut-bone marrow axis have shown how the gut microbiome also plays a role in hematologic disorders. When
receiving treatment for leukemia, patients are often treated with prophylactic antibiotics to reduce the risk of infection as they become
immunocompromised. Antibiotic treatment causes dysbiosis of the gut microbiota, which has been shown to negatively impact disease
progression of leukemia in murine models [115]. This effect was shown to be reversable with fecal transplant from healthy controls,
highlighting a possible therapeutic target [115]. In humans, it has been shown that the treatment of acute myeloid leukemia (AML)
with chemotherapeutic agents is more likely to be successful in patients with a greater diversity of gut microbial species, where greater
baseline alpha-diversity and less microbial loss during treatment are associated with positive outcomes [116]. Another study using
autologous fecal microbiota transfer (AFMT) demonstrated that repopulation of pre-treatment microbiota significantly improved the
outcomes of treatment for AML [117]. When comparing AML and chronic myelogenous leukemia (CML) to healthy controls, both
myeloid leukemias demonstrated very similar microbiota compositions at the phylum level, however, patients exhibit slight differ-
ences between CML and AML at the genus level [118].

Similar findings have been observed in chronic lymphocytic leukemia (CLL), where patients with lower microbial diversity, pre-
sented with more advanced and aggressive forms of disease [119]. This was linked to a reduction in bacteria associated with better
health, specifically Prevotella copri, Dorea longicatena, or Bifidobacterium adolescentis. Interestingly, patients with acute leukemias have
been shown to have increased beta-diversity, coinciding with enrichment of Prevotella and Alistipes linking the impact of Prevotella on
chronic and acute lymphoid leukemias [120]. When analyzing pediatric populations, the microbiome has been implicated in the onset
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of leukemia. Variations in the oral and gut microbiomes of children diagnosed with acute lymphoblastic leukemia (ALL) are detectable
at birth and further dysregulated throughout childhood [121,122]. Consistent with other blood cancers, patients with multiple
myeloma (MM), exhibit significant differences in microbial diversity between different disease states, with the greatest microbial
diversity in patients with complete remission. The enrichment of Agathobacter, a SCFA producing bacteria, was associated with better
overall survival [123]. In addition to predicting survival outcome in (MM), the composition of the microbiota can also be used to
potentially assess MM-related risk; Acidaminococcaceae, Bacteroidales, and Porphyromonadaceae have been positively correlated with
MM [124].

The microbiome has also been shown to play a potential role in a pediatric and adult lymphoma. In a study comparing adolescent
Hodgkin lymphoma patients and their unaffected twins, lymphoma patients demonstrated lower levels of species-level diversity, with
even greater differences between randomly paired participants [125]. Although differences were not significant in adolescents, adults
with Hodgkin’s lymphoma, demonstrate significantly different microbiota compositions compared to healthy controls, highlighting
the impact of age on the microbiome and its induction of different signaling cascades [126]. In contrast, adults with diffuse large B-cell
lymphoma (DLBCL) possessed a significantly lower alpha diversity and different microbial composition. Disease was correlated with
higher abundance of Enterobacteriaceae members [127]. A diverse microbiome was shown to provide protection against pathogenic
bacteria prone to promoting lymphoma. For example, H. pylori infection is highly associated with lymphoma of mucosa-associated
lymphoid tissue (MALT) and curing the infection can regress high-grade disease [128]. It is clear from these studies that dysbiosis
of the gut does occur in patients with hematologic malignancies, and can be potentially addressed to improve disease outcomes,
strongly supporting the relevance of the gut-bone marrow axis in cancer treatment.

The gut microbiome has also been identified to contribute to the initiation of leukemia. Treatment with antibiotics alone is suf-
ficient to augment leukemia development in PAX5"~ mice genetically predisposed to precursor B-cell acute lymphoblastic leukemia
(pB-ALL), with the absence of commensal bacterial confirmed to drive disease development [129]. Pre-leukemic myeloproliferation is
a hematologic disorder that can occur due to mutations in genes such as TET2 and has been shown to be inducible and dependant on
microbial IL-6 signalling from the gut microbiome in mice [130]. The influence of the gut microbiome on the development of leukemia
in mouse models suggest that maintaining a healthy gut microbiome may aid in the prevention of hematologic malignancies.

6. Conclusion

This review highlights the relationship between the microbiota and hematopoietic system in the context of aging. It has been
identified that an individual’s microbial composition varies over time, and the altered production of microbial derived molecules, have
the potential to impact the gut-bone marrow axis and subsequently contribute to the development of hematological malignancies and
other age-related diseases. The findings outlined in this review highlight the important role microbial-derived molecules play in
regulating both healthy and age-associated decline observed in HSPCs. Interactions between microbial-derived molecules and the
hematopoietic system are vital in the maintenance and regulation of HSPCs. Understanding the relationship between an aging
microbiome and aging HSCs may provide valuable insight into targetable mechanisms in hematologic malignancies. This review
highlights that alterations in the microbiome, specifically decreases in biodiversity, are intricately linked to a variety of hematologic
malignancies. A diverse microbiota of specific composition, offers protection against the onset of disease. A future goal will be to
identify connections between the influence of aging on the composition of the microbiome and the specific microbes and microbial
messengers that have the most impact on HSC regulation. Understanding this link will also lead to highlighting mechanisms associated
with disease onset and whether the supplementation of particular microbiota and or factors may offer an alternative route of pre-
vention against hematologic diseases [131].
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