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Abstract

Hematopoietic stem cell transplantation (HSCT) is a standard form of cellular therapy for
patients suffering from malignant hematological diseases. However, graft-versus-host disease
(GVHD) is a very serious complication and a major cause of morbidity and mortality after
allogeneic HSCT. Calcineurin inhibitors, such as cyclosporine, are widely used to enhance the
survival of patients who have undergone HSCT. Unfortunately, both GVHD and cyclosporine
occasionally cause nephropathy. Several studies have shown that the gut-kidney axis is
associated with nephropathy. Dysbiosis of the gut microbiota might aggravate renal damage
by increasing systemic micro-inflammation, suggesting that diet might affect the risk of GVHD.
Here, we summarized the recent findings regarding the association between the alteration of
gut microbiota and nephrotoxicity. The results suggested that treatment with certain
probiotics benefits the symbiosis in the gut-kidney axis and makes HSCT safer.
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1. Introduction

Hematopoietic stem cell transplantation (HSCT) is performed commonly for treating various
hematological diseases. HSCT involves the intravenous infusion of hematopoietic stem cells from
human leukocyte antigen (HLA)-matched donors (allogeneic) or from the patients themselves
(autologous) [1] (Figure 1). However, HSCT procedures are limited by life-threatening complications,
and acute graft-versus-host disease (GVHD) is one of them [2]. GVHD is a systemic pathogenic
condition that occurs when the graft's immune cells might identify the host as a foreign agent and
attack the recipient’s cells/tissues. Several organs might be affected by GVHD. Acute kidney injury
is @ common complication of allogeneic HSCT [3], which might significantly increase patient
morbidity and/or mortality. Therefore, the patient needs to undergo rigorous chemotherapy and/or
radiotherapy to eliminate residual malignant cells and reduce immunological resistance before
HSCT is performed. GVHD can be initiated by several risk factors such as aging and/or intestinal
inflammation [4], following which immune recovery occurs and eventually leads to complete
recovery. However, GVHD might also progress as a late phase complication at about six months
after the HSCT. Chronic kidney injury is a long-term complication of allogeneic HSCT. Calcineurin
inhibitors, which are used for prophylaxis treatment of GVHD, can also lead to the development of
nephropathy [5]. Cyclosporine, a strong immunosuppressant belonging to the group of calcineurin
inhibitors, is recommended as prophylaxis treatment for patients receiving allogeneic HSCT;
however, it exhibits nephrotoxicity [5]. Modifiable targets of the gut microbiota might reduce the
risk of GVHD and nephrotoxicity [4, 6]. The prevention and/or treatment of GVHD and the adverse
effects of cyclosporine are important issues that need to be addressed to improve the efficacy of
HSCT. Research on these topics has recently become popular [7].
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Figure 1 The HSCT patients might suffer from GVHD (graft-versus-host disease), which
also increases the risk of developing kidney complications. An immunosuppressant, such
as cyclosporine, is commonly administered to HSCT patients to prevent GVHD. However,
nephrotoxicity is frequently induced by the use of cyclosporine. Arrowhead represents
stimulation and/or augmentation. Hammerhead represents inhibition. Some critical
pathways have been omitted for clarity. Abbreviation: ROS, reactive oxygen species;
GVHD, graft-versus-host disease; HSCT, hematopoietic stem cell transplantation.

2. Nephropathy Induced by the Use of Cyclosporine and GVHD

Cyclosporine is a powerful immunosuppressant used in HSCT or solid organ transplantation for
preventing transplant rejection and for treating autoimmune diseases. However, its application is
limited because of its severe toxicity to the kidneys [8] (Figure 1). The kidneys are susceptible to
hypoxic injury. Calcineurin inhibitors can induce vasoconstriction and reduce the oxygenation of the
kidneys [9]. They might also induce arterial hypertension and worsen nephropathy [10].
Cyclosporine can increase the production of reactive oxygen species (ROS) [11], thus inducing
glomerular dysfunction and the associated nephrotoxicity [12]. The association between oxidative
stress and kidney tubular cell death is a well-known problem that needs to be addressed [13].
Cyclosporine can induce a dose-dependent increase in some oxidants and lipid peroxidation [14],
which can exacerbate proximal tubular destruction in the kidneys [15]. Antioxidants, including
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vitamin C, vitamin E, and polyphenolic compounds, might inhibit the peroxidation of cyclosporine-
induced nephrotoxicity [16]. Also, studies have shown the protective effects of 2-deoxy-D-glucose
on nephrotoxicity induced by cyclosporine [17], suggesting a strong role of oxidative stress in
cyclosporine-induced renal damage. Therefore, the use of cyclosporine might also be restricted due
to its toxicity to other organs, including the liver, via cyclosporine-induced oxidative stress [18].

Graft-versus-host disease is characterized by the activation, expansion, cytokine production, and
migration of alloreactive donor T cells. Oxidative stress increases in the recipients of allogeneic HSCT
and contributes to the development of GVHD [19]. Patients who undergo HSCT are susceptible to
many risk factors that contribute to the development of acute kidney injury [20]. Specifically, GVHD
is a major independent risk factor for the development of acute kidney injury (AKI) in HSCT recipients
[21]. The occurrence of GVHD might lead to the reprogramming of immune cells, which is associated
with the differentiation of CD4-positive cells into type 1 T helper (Th1) and type 17 T helper (Th17)
cells along with the dysfunction of regulatory T cells (Tregs) [22]. The Th17 cells affect the
immunopathology of lupus nephritis [23]. These cells might be a controller of inflammation in renal
injury [24]. An imbalance in the Th17/Treg cells might be the immunological basis of the nephritic
syndrome [25].

3. Probiotics as Therapeutic agents against GVHD in HSCT

The microbiota consists of functional microorganisms, including bacteria that reside in the
digestive tract and provide benefits to the host [26]. Gut microbiota consists of a multispecies
community that might have a symbiotic relationship with the host. Alterations in the microbiota are
affected by dietary and/or environmental factors, which can initiate redox signaling in the cells of
the gut mucosa [27]. Redox signaling might lead to inflammation. Thus, the gut microbiota has a
delicate balance. Perturbations in the microbial balance in the gastrointestinal tract might lead to
inflammatory bowel disease. The gut microbiota, ROS, oxidative stress, inflammation, and several
diseases might be closely associated. Diet influences the composition of the gut microbiota. Some
microbial metabolites, such as short-chain fatty acids (SCFAs), protect the host against GVHD by
adjusting immune reactions [28]. Therefore, the loss of intestinal commensals that produce SCFAs
might affect the severity of GVHD. Modifying microbial metabolites can strongly affect the prognosis
of GVHD [29]. Certain therapeutic methods might alter the composition of the gut microbiota and
promote the treatment of nephrotoxicity induced by cyclosporine (Figure 2). Altering the gut
microbiota by using probiotics can delay the progression of renal injury and reduce inflammation
and/or oxidative stress [30]. For example, the administration of Lactobacillus plantarum can
decrease the risk of developing a gut-mediated condition in children undergoing HSCT [31].
Prebiotics stimulate the growth of certain microorganisms in the gut for health benefits and even
for modulating the aging process [32]. Certain strains of microbiota can decrease GVHD due to the
high production of butyrate (an SCFA) [29]. Disrupting the diversity of the gut microbiota can
exacerbate GVHD [33]. Interestingly, low diversity of microorganisms can decrease the beneficial
effects of prebiotics [34]. Elucidating the structures and activities of the gut microbiota in the host
might provide valuable information and contribute to the safety of various treatment strategies in
HSCT. The intervention strategies targeting the gut microbiota, including prebiotics, probiotics,
postbiotics, and/or fecal microbiota transplantation (FMT), might be used for the treatment of
GVHD (Figure 2).
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Figure 2 The gut microbiota prevents the progression of nephrotoxicity and GVHD
partially by inhibiting ROS. Besides probiotics, in fecal microbiota transplantation (FMT),
microorganisms are introduced into a recipient for the safe and successful
supplementary treatment of nephrotoxicity and/or GVHD. Arrowhead indicates
stimulation and/or augmentation. Hammerhead indicates inhibition. Some critical
events, such as cytokine induction, have been omitted for clarity. Abbreviation: FMT,
fecal microbiota transplantation; ROS, reactive oxygen species; GVHD, graft-versus-host
disease; SOD, superoxide dismutase; SCFAs, short-chain fatty acids; Th17, type 17 T
helper cell; Treg, regulatory T cell; GVHD, graft-versus-host disease.

4. Favorable Roles of the Gut-Kidney Axis for the Protection of the Kidneys

The gut microbiota can protect and/or damage host cells/organs, including kidney cells,
contributing to the homeostasis of the health-disease balance in the host [35]. Generally, ROS are
released by cells as a result of ATP synthesis and can damage cellular DNA [36, 37]. Some important
physiological roles of ROS include the regulation of enzymes involved in autophagy, DNA synthesis,
and DNA repair [38]. The ROS comprise oxygen-containing energetic molecules capable of reacting
with various organic molecules produced due to inflammatory reactions [39]. Certain levels of ROS
can alter the signaling pathways to control mMRNA and/or protein expression, and in turn, influence
cell survival [36, 40]. Gut microbiota might also influence cell survival in some cases. For example,
acetate and/or butyrate, produced by the gut microbiota via fermentation protect against oxidative
stress in many cell types [41]. Additionally, some microorganisms in the gut can counteract the
activity of genotoxic compounds, such as food-related DNA-reacting mutagens [42]. Therefore,
understanding redox regulation of physiological processes is important for developing treatment
strategies based on the modification of the gut microbiota. Recent advancements in technologies
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for the isolation of nucleic acids from feces and DNA sequencing have helped to identify previously
unknown beneficial and/or pathological microorganisms in the human gut [43].

The gut microbiota plays a beneficial role in the development of chronic kidney disease [44]. For
example, probiotics such as Akkermansia and Lactobacillus can alleviate renal metabolism in chronic
kidney disease through the gut-kidney axis [45]. Altering the composition of the gut microbiota can
reduce inflammation in the kidneys. Thus, it is an innovative therapeutic strategy that functions by
modifying or remodeling the gut microbiota [46]. The pathogenic role of the gut-kidney axis in the
development of chronic kidney disease is also associated with chronic fatty liver disease [47].
Altering the levels of short-chain fatty acids, D-amino acids, and ROS biosynthesis in the gut can
influence the pathogenesis of nephrotoxicity [48]. The microbiota associated with the gut-kidney
axis plays a key role in the development and/or prevention of diabetic nephropathy [48]. This
suggests that the gut microbiota is involved in the nephrotoxicity of GVHD and/or the use of
cyclosporine. For example, Salvia miltiorrhiza can alleviate renal fibrosis and the effects on
metabolism caused by cyclosporine-induced chronic nephrotoxicity in HSCT patients by acting on
the gut-kidney axis [45, 49] (Figure 2).

5. Future Perspectives

The details regarding the effects of the alterations in the gut microbiota on the prognosis of
GVHD in HSCT patients are not clear. However, protecting the intestinal microenvironment might
be a novel strategy to manage GVHD [50]. Additionally, the gut microbiota can modify the
pharmacokinetics of cyclosporine [51]. Even if it remains unclear whether modifying the microbiota
indirectly affects the severity of GVHD, it might still be used to prevent GVHD in HSCT recipients. A
disturbance in the communication between the epithelial cells of the intestine and the gut
microbiota might generate immunologically pathogenic responses in the host [52]. For example, the
abundance of the gut microbiota, which increases the content of SCFAs, can decrease the
permeability of the colon epithelium and affect the balance of Th17/Treg cells [53]. Additionally, a
high-calorie diet can reset the gut microbiota and disrupt the balance of Th17/Treg cells, disturb the
immune homeostasis, and aggravate inflammatory damage [54]. Several studies on humans have
shown that the loss of diversity of the gut microbiota following HSCT might be associated with
severe gut injury [55]. The prolonged use of antibiotics might also decrease microbial diversity and
increase the risk of GVHD [56]. These findings suggest potential adjustable targets for decreasing
the risk of GVHD and/or improving the survival rate after HSCT. Further detailed studies are
necessary to determine the immune responses caused by the gut microbiota that lead to the
development of inflammatory responses after HSCT and/or the administration of cyclosporine.

Abbreviations

ATP adenosine triphosphate

DNA deoxyribonucleic acid

FMT fecal microbiota transplantation

GVHD graft-versus-host disease

HSCT hematopoietic stem cell transplantation
HLA human leukocyte antigen

ROS reactive oxygen species
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SCFAs short-chain fatty acids
Thl type 1 T helper cell
Th17 type 17 T helper cell
Treg regulatory T cell
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