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Background: Tacrolimus is the most widely used immunosuppressive therapy in solid organ transplantation. However, whether it can
inhibit transplant graft rejection by altering the composition and metabolism of gut microbiota remains unclear.

Methods: In this study, a skin transplantation mouse model was established to explore the effects of tacrolimus on gut microbiota and
its metabolites. Additionally, we investigated the protective effect and potential mechanism of feces from mice treated with tacrolimus
on skin allografts.

Results: Tacrolimus did not significantly affect gut microbiota a-diversity but altered p-diversity, with specific changes in microbial
composition. LEfSe analysis identified 19 microbial taxa with reduced and 12 with elevated relative abundance in the Tac group (mice
treated with tacrolimus) compared to the Ctrl group (mice with no treatment). Metabolomic analysis identified 33 differential fecal
metabolites (17 upregulated and 16 downregulated) in the Tac group compared to the Ctrl group. FMT from tacrolimus-treated mice
significantly prolonged skin allograft survival, reduced inflammatory cell infiltration, and improved graft histopathology. This
protective effect was associated with increased Treg cell proportions and decreased Th17 cell proportions in draining lymph nodes
and mesenteric lymph node.

Conclusion: Overall, our data may provide a basis for establishing gut microbiota-based therapies for allograft rejection.
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Introduction
Over the past half-century, organ transplantation has become the standard of care for patients with advanced organ failure.
Although immunosuppressive drugs have significantly reduced the incidence of early allogeneic graft rejection, both chronic
allogeneic graft rejection and drug-related side effects (primarily life-threatening infections, organ toxicity, diabetes mellitus,
hypertension, and malignant tumors) remain major threats to the survival of both grafts and recipients.'*>

Tacrolimus, a calcineurin phosphatase inhibitor, has been widely used in immunosuppressive therapy for solid organ
transplants since 1994 and is utilized in more than 93% of transplant recipients.’ Tacrolimus triggers immunosuppression
by interacting with immunophilins such as FK506-binding protein (FKBP) to form the FKBP-FK506 complex, which in
turn inhibits calcium-regulated neural phosphatase in T cells, prevents IL-2 transcription, and inhibits T lymphocyte
activation.* However, the oral bioavailability of tacrolimus varies from 4% to 89%, with an average of about 25%, and it

has a narrow therapeutic index.” Additionally, there is a poor correlation between tacrolimus dosage and whole blood
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concentration, resulting in significant individual variability in the dosage required to achieve target blood drug levels.®™
Therefore, close monitoring of the dosage of tacrolimus is necessary to maintain blood drug concentration. Excessive
doses of tacrolimus may elevate the risk of infection and malignancy, whereas insufficient doses can precipitate graft

rejection, which in turn increases the risk of graft loss and reduces patient survival.'%!!

12716 suggesting a close

Previous research indicates that changes occur in the gut microbiota after organ transplantation,
relationship and mutual influence between organ transplantation, gut microbiota, and the immune system. The gut microbiota
consists of trillions of microorganisms that engage in many bidirectional regulatory functions with the host and can influence
host immune function through bacterial components and metabolites.'”'® Emerging evidence highlights that gut microbiota
dysbiosis is closely linked to both acute and chronic rejection. Skin-restricted commensal Staphylococcus epidermidis was
shown to accelerate skin graft rejection.'® For cardiac allografts, Bifidobacterium pseudolongum exerts a protective effect on
allograft survival by enhancing the production of homeostatic CCL19 and anti-inflammatory IL-10, whereas Desulfovibrio
desulfuricans promotes increased IL-6 and TNF-o, production and reduces allograft survival.”* Additionally, Pseudomonas
airway infection was reported to induces marked lung neutrophilia in a G-CSF-dependent manner, which could promote CD4
+ T cell activation, thus triggering acute cellular graft rejection.”’ Notably, gut microbial metabolites are found to be key
mediators of host-microbiota crosstalk in transplantation immunity. Alistipes could delay skin graft rejection by the presence
of anti-inflammatory metabolite sulfobacin B.**** Butyrate, a short-chain fatty acid (SCFA), may improve transplant
outcomes via its Treg-inducing properties.”* Moreover, in a kidney transplant model, administration of SCFA acetate has
been demonstrated to prolong allograft survival in a Treg- and GPR43-dependent manner.* It is reported that tacrolimus is
a macrolide antibiotic that is likely to affect bacteria.”® Recent research findings indicate that tacrolimus can induce changes in
the composition and function of the intestinal microbiota.>”*® Combining tacrolimus with the fecal microbiota transplantation
can enhance the development of T cells in the colonic mucosa, draining lymph nodes, and peripheral blood, and increase the
survival of skin allografts.”” However, it is not yet known whether tacrolimus can exert an inhibitory effect on transplant
rejection by altering the composition and metabolism of intestinal microbiota.

Therefore, in this study, we investigated the impact of tacrolimus on the intestinal microbiota in mice by establishing
a mouse skin transplant model. We further performed a non-targeted metabolomics assay to examine the effects of
tacrolimus on intestinal metabolites. Additionally, we analyzed immune cells in the peripheral blood, spleen, mesenteric
lymph nodes, and draining lymph nodes to reveal the potential roles and mechanisms of the intestinal microbiota and its
metabolites in transplant rejection.

Materials and Methods
Establishment of a Murine Skin Graft Model

A mouse allograft skin graft rejection model was established, as previously reported, using female BALB/c mice as
donors and female C57BL/6 mice as recipients.””** Given that the density of dendritic cells (DCs) in trunk skin is much
higher than that in tail skin, which enables trunk skin to elicit a more robust transplant rejection and thus makes it a more
reliable rejection model, we used mouse dorsal skin to establish the skin transplantation model in the present study.' All
animals were housed in a facility at Zhengzhou University that was free from specific pathogens. All groups of mice
were fed the same diet. The donor mice were intraperitoneally anesthetized with 10% chloral hydrate (40 uL/10 g), and
the hair on their backs was removed and disinfected. A 1 cm % 1 cm full-thickness skin graft was excised from the back
of the donor mice, followed by the removal of the subcutaneous fascia and fat. The recipient mice were anesthetized as
described above, and the hair on their backs was also removed and disinfected. A skin area of approximately 1 cm x 1 cm
was excised from the back of the recipient mice, and the resulting wound served as the graft bed. The donor skin was
retrieved and laid flat on the graft bed. The skin graft was sutured to the edge of the graft bed using 5-0 silk sutures. After
disinfection, the wound was bandaged and secured with a sterile wound dressing. The transplanted mice were placed in
a clean cage on top of a microwavable heating pad until they completely woke up from anesthesia. The transplanted skin
of the recipient mice was closely observed starting from the 5th day after transplantation, and the observation indexes
mainly included the color gloss, the presence of bruises, the hardness, and the presence of skin shedding. If the grafted
skin of the recipient mice developed scabs, hardened and atrophied, turned completely black, or even fell off, it could be
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judged as graft rejection. Conversely, if the grafted skin of the recipient mice was red, soft, or showed hair growth, it
could be considered that the grafted skin had survived or had become tolerant. This research received approval from the
Institutional Animal Care and Use Committee at Zhengzhou University, with experiments conducted in strict compliance
with the Guidelines for Laboratory Animal Care.

Sequencing of the 16S rRNA Gene of Mouse Intestinal Flora

Mice were divided into two groups: the tacrolimus-treated group and the normal saline-treated group. Each group comprised
four mice. The tacrolimus gavage dose was 10 mg/kg/day (volume of 0.5 mL), while the saline gavage dose was 0.5 mL, with
both groups being gavaged once daily. Mice in the same experimental group were cohoused in specific pathogen-free (SPF)
cages. After 7 consecutive days of gavage followed by a 2-day rest, fecal samples from both groups of mice were collected.
The abdomen of each mouse was gently massaged to facilitate defecation, and fresh fecal pellets were collected into sterile
centrifuge tubes. These samples were then stored at —80°C for subsequent use. 16S rRNA gene sequencing was performed
using the Illumina MiSeq platform. Experiments were designed according to the published literature.?’

LC-MS Untargeted Metabolomics of Intestinal Metabolites in Mice
The non-targeted metabolomics assay, based on LC-MS, was performed using an Agilent 1290 Infinity LC ultra-high-
performance liquid chromatography system coupled with a Triple TOF 6600 mass spectrometer.

Fecal Transplantation

To prepare bacterial solution for fecal transplantation, we used tacrolimus solution (10 mg/kg/day) and saline for gavage
in mice. Each group comprised four mice. After 7 consecutive days of gavage followed by a 2-day rest, the feces of the
two groups were collected separately. The feces were diluted with sterile saline (approximately 12.5 mg of feces was
diluted with 1 mL of sterile saline), as previously reported.”” The mice were treated with 500 pL/d of fecal bacterial
solution by gavage.

Therapeutic Protocols for Skin Graft Model Mice

The mice were randomly divided into four groups as follows: (1) Ctrl group: skin grafting was performed on day 0, and
no treatment was performed after skin grafting; (2) Tac group: skin grafting was performed on day 0 and tacrolimus
(10 mg/kg/day) gavage treatment was performed on day 1 after grafting for 7 consecutive days; (3) FMT group: The
mice were treated with fecal bacterial solution from those gavaged with saline one week before skin grafting. Skin
grafting was performed on day 0. FMT continued on day 1 for 7 consecutive days; (4) Tac FMT group: The mice were
treated with fecal bacterial solution from those gavaged with tacrolimus solution one week prior to skin grafting. Skin
grafting was performed on day 0. FMT continued on day 1 for 7 consecutive days. Each group comprised five mice. The
experiments were independently repeated 3 times to confirm result consistency.

Detection of Immune Cells by Flow Cytometry

The flow cytometry was performed as previously reported in the literature.’** Mouse peripheral blood, spleen, and
lymph node cells from the drainage area were isolated, and 1x10° cells were taken. Single-cell suspensions were
prepared by resuspending the cells in PBS containing 2% FBS. For the staining of B cells, CD4" T cells, and CD8"
T cells, PerCP-Cy5.5-labeled anti-mouse CD19 antibody (Clone No. S-R532, Cat. SOB1764-500T, BD Biosciences),
FITC-labeled anti-mouse CD4 antibody (Clone No. GK1.5, Cat. abs182365-25T, BD Biosciences), or PE-labeled anti-
mouse CD8 antibody (Clone No. HB129/116-13.1, Cat. abs182402-25T, BD Biosciences) were added to the single-cell
suspensions. The cells were incubated for 30 minutes on ice, protected from light. After incubation, the cells were
washed and resuspended in PBS containing 2% FBS. The cell suspension was then filtered through a 300-mesh filter, and
the proportions of CD19" B cells, CD4" T cells, and CD8" T cells were detected by flow cytometry. For the staining of
Th17 and Treg cells, antibodies labeling cell surface molecules were added to single-cell suspensions and incubated. For
Th17 cells, a FITC-labeled anti-mouse CD4 antibody was used; for Treg cells, both a FITC-labeled anti-mouse CD4
antibody and an APC-labeled anti-mouse CD25 antibody were employed. Cells were then fixed with 4%
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paraformaldehyde and permeabilized with 0.1% saponin. Following this, antibodies against intracellular molecules were
injected into the cells and incubated: an APC-labeled anti-mouse IL-17 antibody for Th17 cells and a PE-labeled anti-
mouse Foxp3 antibody for Treg cells. The proportions of Th17 and Treg cells were detected by flow cytometry. The
experiments were independently repeated 3 times to confirm result consistency.

Histopathology

Skin grafts were harvested on the 10th day post-transplantation. The samples were fixed in 4% paraformaldehyde,
processed in graded alcohols, embedded in paraffin, cut into 5 pm sections, and then stained with hematoxylin and eosin
(HE), as has been reported in previous literature.>* Under light microscopy, the structure and infiltration of inflammatory
cells in skin allografts were examined and photographed using a scale from 0 to 5: 0 = absent, 1 = discrete, 2 = moderately
discrete, 3 = moderate, 4 = moderately severe, and 5 = severe.

Statistical Analysis

Statistical Analysis of Demographic Characteristics and Clinical Indicators

For continuous variables, comparative analyses were performed using the Mann—Whitney U-test (for non-normally
distributed data) or the #-test (for normally distributed data). For categorical data, comparative analyses were performed
using the chi-square test. All data were analyzed using SPSS (Version 21.0) software, and a P-value of < 0.05 was
considered statistically significant.

Intestinal Flora Analysis

a-diversity metrics were computed using R software, and the Mann—Whitney U-test was used to compare differences in
a-diversity between groups. B-diversity was assessed based on principal coordinate analysis (PCoA) using weighted and
unweighted UniFrac distance matrices. Permutational multivariate analysis of variance (PERMANOVA) was employed
to test the significance of differences between groups. B-Diversity was also assessed and visualized using R software.
Additionally, this study utilized the linear discriminant analysis effect size (LEfSe) method to perform linear discriminant
analysis (LDA) to identify species with significant differences between groups. Species with LDA values greater than 2
and P < 0.05 were considered to be significantly different between groups.

Analysis of Intestinal Metabolites

Pattern recognition was performed using SIMCA-P 14.1, and the data were pre-processed by Pareto scaling and then
subjected to multivariate analyses, including unsupervised principal component analysis (PCA) and supervised ortho-
gonal partial least squares-discriminant analysis (OPLS-DA). Correlation analysis was performed using the Spearman
test. Significantly enriched pathways were analyzed using the KEGG database (http://genome.jp/kegg/). The diagnostic

value of potential biomarkers was assessed by plotting ROC curves and calculating the area under the ROC curve (AUC).
The above statistical analyses and the plotting of volcano plots, bubble plots, Sankey plots, and ROC curves were
conducted using R language (V3.4.4).

Research Results

Effect of Tacrolimus on the Intestinal Microbiota in Mice

To investigate the effect of tacrolimus on gut microbiota in mice, we administered a tacrolimus solution to the Tac group and
a saline solution to the control group via gavage. After 7 days of consecutive gavage, fecal samples from both groups were
collected for 16S rRNA gene sequencing. There was no significant difference in the number of observed species in the fecal
samples between the two groups (P=0.77, Figure 1A). Alpha diversity analysis indicated no significant differences between
the two groups in terms of Chaol index (P = 0.77), Faith’s PD index (P = 1), Simpson index (P = 0.39), and Shannon index
(P =0.39) (Figure 1A). These results indicate that tacrolimus did not significantly affect the richness and evenness of the gut
microbiota in mice. Furthermore, we evaluated the B-diversity of the gut microbiota in both groups using PCoA and NMDS
analyses, and performed statistical analysis of the differences using the PERMANOVA test. The results indicate that the two
sample groups can be distinctly separated based on PCoA and NMDS analyses (Figure 1B). The PERMANOVA test indicates
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a significant difference in beta diversity between the two sample groups (P = 0.025). These results suggest that tacrolimus can
influence the composition of the gut microbiota in mice.

To demonstrate the effect of tacrolimus on the gut microbiota composition of mice more specifically, we used
cumulative histograms to illustrate the gut microbiota composition at the phylum and genus levels in the two groups. The
results revealed significant differences in the gut microbiota compositions of the two groups at both the phylum and
genus levels (Figure 1C and Figure S1). At the phylum level, the dominant microorganisms were Firmicutes (Tac group:
49.7%, control group: 76.6%), Bacteroidetes (Tac group: 29.9%, control group: 19.6%), and Actinobacteria (Tac group:
17.6%, control group: 1.7%). At the genus level, the dominant microorganisms in the Tac group were Lactobacillus
(37.8%), Bifidobacterium (36.1%), and Allobaculum (15.6%), whereas the dominant microorganisms in the control
group were Lactobacillus (57.2%), Allobaculum (16.9%), and Adlercreutzia (1.1%). To identify differences in gut
microbiota between the two groups, we conducted LEfSe analysis and set the cutoff value for LDA scores at 2. The
relative abundance of 19 microbial taxa, including Firmicutes, Lactobacillus, Lactobacillales, and Bacilli, showed
a significant increase in the Tac group (Figure 1D). In contrast, the relative abundances of 12 microbial groups, including
Actinobacteria, Bifidobacteriaceae, and Bifidobacterium, were significantly reduced in the Tac group (Figure 1D).

Effect of Tacrolimus on Intestinal Metabolites in Mice

We further analyzed the metabolic products in the fecal samples of the Tac group and the control group to evaluate the impact
of tacrolimus-induced changes in gut microbiota on intestinal metabolic products. The PCA analysis showed partial overlap in
the sample points of the two groups in both positive and negative ion modes, indicating differences in intestinal metabolic
products between the two groups, albeit with low discrimination ability (Figure 2A). We further conducted the OPLS-DA
analysis to elucidate the differences in intestinal metabolic products between the two groups. The results showed that in both
positive and negative ion modes, the sample points of the Tac group and the control group were completely separated in the
plot, further indicating differences in intestinal metabolic products between the two groups. Additionally, the explanatory
ability evaluation parameter R?Y for both groups’ models exceeded 0.9, and the predictive ability evaluation parameter Q>
exceeded 0.5. (Figure 2B). At the same time, permutation tests were conducted on two sets of OPLS-DA models in positive
and negative ion modes. The results revealed that the slopes of the fitting lines for R? and Q? in both sets of OPLS-DA models
were greater than 0, while the intercepts of Q* were less than 0, indicating no overfitting in the models.

Later, we combined the results of the single analysis and multivariate analysis to screen for differential metabolites in
the intestines of mice from the Tac group and the control group, using screening criteria that met both O OPLS-DA
analysis VIP > 1 and @ univariate analysis P < 0.05. The volcano plot showed that a total of 489 metabolites were
detected, of which 17 were upregulated and 16 were downregulated in the Tac group (Figure 2C). The heat map was used
to display the differential metabolites, revealing that heptanoic acid, 5-methyl-2-furfural, D-sorbitol, and ethyl acetate
were upregulated in the Tac group, while oxalic acid, xanthotoxin, abietic acid, and prostaglandin A1 were down-
regulated in the same group (Figure 2D).

Protective Effect of the Changes in the Gut Microbiota Induced by Tacrolimus on Skin
Grafts in Mice

The mice were randomly divided into four groups as follows: (1) Ctrl group (mice with no treatment); (2) Tac group
(mice were treated with tacrolimus); (3) FMT group (mice were treated with fecal bacterial solution from those treated
with saline); (4) Tac FMT group (mice were treated with fecal bacterial solution from those treated with tacrolimus). The
treatment program is shown in Figure 3A. Results revealed that on the 10th day post-transplantation, skin grafts in both
the Ctrl and FMT groups exhibited visible signs of hardening, scabbing, shriveling, and even sloughing off, whereas skin
grafts in the Tac and Tac FMT groups remained relatively soft with signs of hair regrowth (Figure 3B).
Histopathologically, on the 10th day post-transplantation, the skin grafts from the Ctrl group and FMT group mice
exhibited more pronounced rejection characteristics, including follicular destruction, surface ulceration, degenerated
squamous epithelium, and vesicular epidermis (Figure 3C). By contrast, the Tac and Tac FMT group mice demonstrated
better epidermal tissue integrity and improved squamous epithelial growth status (Figure 3C). Compared to the mice in
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transplantation.
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the Ctrl and the FMT groups, those in the Tac and Tac FMT groups displayed a significant decrease in inflammatory cell
infiltration in the skin grafts (Figure 3D). Skin allografts in the Tac and Tac FMT groups survived significantly longer
than those in the Ctrl group (P = 0.0101; P = 0.0263, respectively). However, there was no significant increase in survival
time in the FMT group (P = 0.1969) (Figure 3E).

Impact of Gut Microbiota Changes Induced by Tacrolimus on the Immune Function
in vivo

To further investigate whether the change in gut microbiota induced by tacrolimus protects mouse skin grafts by regulating the
immune function of mice, we analyzed immune cells in the peripheral blood, spleen, and draining lymph nodes of the Ctrl group,
Tac group, FMT group, and Tac FMT group mice on day 7 after skin transplantation. The results showed that no significant
differences were observed in the proportions of CD19" B cells, CD4" T cells, CD8" T cells, Th17 cells, and Treg cells among the
spleens and peripheral blood of the mice in each group (Figure 4A and B). In the draining lymph nodes, the proportion of Treg
cells in the Tac FMT group was significantly higher than that in the Ctrl group (P = 0.009). It is worth noting that, although not
statistically significant, the average proportion of Th17 cells in the draining lymph nodes of the Tac group and Tac FMT group
was higher compared to the Ctrl group and FMT group (Figure 4C). The proportions of CD19" B cells, CD4" T cells, and CD8"
T cells in the draining lymph nodes from the four groups showed no significant differences (Figure 4C and Figure S2). Our study
further investigated the changes in immune cells of mesenteric lymph nodes, and the results revealed that the proportion of Treg
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Figure 4 Analysis of the immune cells in the mice with skin transplantation. The proportion of B cell, CD4" T cell, CD8" T cell, Th17 cell, and Treg cell were analyzed by
flow cytometry. (A) Analysis of the immune cells in peripheral blood; (B) Analysis of the immune cells in spleen; (C) Analysis of the immune cells in draining lymph nodes;
(D) Analysis of the immune cells in mesenteric lymph nodes. Absence of symbols indicates no statistical difference between groups. Each group comprised five mice.
Abbreviations: Ctrl, control group; Tac, tacrolimus-treated group; FMT, the group in which the mice were administrated fecal microbiota transplantation with feces from
normal saline-gavaged mice; Tac FMT, the group in which the mice were administrated fecal microbiota transplantation with feces from tacrolimus-gavaged mice.
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cells in the Tac FMT group was significantly higher than that in the Ctrl group (P = 0.0425). In contrast, the proportion of Th17
cells in the Tac group and Tac FMT group was significantly lower than that of the Ctrl group (P = 0.0299). There was no
significant difference in the proportions of CD19" B cells, CD4" T cells, and CD8" T cells among the four groups (Figure 4D,
Figures S3 and S4). Additionally, we observed no statistically significant differences in the proportions of immune cells in the
spleen, peripheral blood, draining lymph nodes, or mesenteric lymph nodes between mice in the Tac group and Tac FMT group
(Figure 4A-D). The results above suggest that the protective effect of gut microbiota changes induced by tacrolimus on skin
grafts may be mediated through the regulation of the balance between Th17 cells and Treg cells in the lymph nodes.

Discussion

In general, our study revealed that tacrolimus can induce changes in the composition of gut microbiota and gut metabolic
products in mice. Fecal microbiota transplantation using feces from tacrolimus-treated mice significantly prolonged the
survival time of skin grafts and attenuated graft rejection. Compared to the Ctrl group, the proportion of Treg cells in the
mesenteric lymph nodes was significantly elevated in the Tac FMT group, whereas the proportion of Th17 cells was
significantly decreased, suggesting that the tacrolimus-induced gut microbiome may exert its protective effect by
influencing the balance between Treg cells and Th17 cells.

In 2017, Tourret et al were the first to use 16S rRNA gene sequencing to explore the impact of tacrolimus and other
immunosuppressants on the gut microbiota. The findings indicated that after treatment with tacrolimus, mice exhibited
significant changes in their gut microbiota at the family level.”® Subsequently, Zhang et al further confirmed the effects of
tacrolimus on the gut microbiota of mice using a skin transplantation model. They demonstrated that the combination of
low-dose tacrolimus and fecal microbiota transplantation from mice treated with high-dose tacrolimus had a protective
effect on skin grafts.”’” Compared to these two studies, our research aims to elucidate the potential mechanisms of
tacrolimus treatment for the transplant rejection through the lenses of gut microbiota and metabolism. Consistent with the
findings of Zhang’s study, we discovered that although the gavage treatment with tacrolimus in mice did not alter the
alpha diversity of the gut microbiota, it significantly affected the beta diversity, suggesting that its impact on the gut
microbiota of mice is primarily reflected in composition rather than diversity. Additionally, we identified a total of 19
microbial groups that were upregulated and 12 that were downregulated in the feces of mice treated with tacrolimus.
Given the close relationship and cross-talk between the gut microbiota and the immune system,”> we hypothesize that
tacrolimus-induced changes in gut microbiota depend on two pathways. The first is the direct action of tacrolimus on the
gut microbiota, and the second might be linked to the systemic immunosuppressive effects of tacrolimus, which in turn
affect the gut microbiota.

To explore whether the alterations in gut microbiota induced by tacrolimus can provide protection for allogeneic skin
grafts, we performed FMT using feces from tacrolimus-treated mice on mice undergoing skin transplantation. The
specific protocol involved administering FMT to mice one week prior to skin transplantation, performing the skin graft
on day 0, and continuing FMT for an additional 7 days starting on the day after transplantation. The results show that,
compared to the control group, the survival time of skin grafts in model mice treated with this method was significantly
prolonged. Unlike our study, the research conducted by Zhang et al found that FMT using feces from mice treated with
tacrolimus alone did not show a protective effect on the allogeneic skin grafts. This discrepancy may be attributed to the
different timing of the FMT procedures that we used. In our study, we performed FMT 7 days before and 7 days after
skin transplantation, whereas in the study by Zhang et al, FMT was only conducted 14 days prior to skin transplantation.
In studies utilizing FMT to treat Clostridium difficile infection, although the diversity of the gut microbiota in patients
did not change significantly after FMT, the composition of the gut microbiota did change as the duration following FMT
increased.>® We speculate that the absence of FMT following skin transplantation in the study by Zhang et al may have
reduced the protective effect of FMT on the grafts in the model mice. According to our results, only the mice in the
tacrolimus treatment group (Tac group) and the group receiving FMT from tacrolimus-gavaged mice (Tac FMT group)
showed a prolonged survival time for skin grafts. In contrast, the group receiving FMT from saline-gavaged mice (FMT
group) did not exhibit a similar protective effect. These results suggest that the protective effect of tacrolimus-induced
alterations in the gut microbiota on skin grafts may be achieved by modifying the composition of the gut microbiota
rather than its diversity.
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Additionally, we observed a significant increase in the proportion of Treg cells in the mesenteric lymph nodes and the
draining lymph nodes of the Tac FMT group. Treg cells, characterized by the expression of CD4, CD25, and the
transcription factor Foxp3, exert immunosuppressive effects through various mechanisms. These include the expression
of the inhibitory receptor CTLA-4, the production of anti-inflammatory cytokines such as IL-10 and TGF-B1, and the
modulation of the effects of IL-2 and ATP.*” Treg cells not only directly suppress the activation of CD4" and CD8"
T cells and inhibit B cell responses and antibody production, but they also regulate the function of macrophages and
natural killer cells.*® In recent years, studies have shown that Treg cells play a crucial role in inducing transplant
tolerance. After infusing TGF-B-induced Treg cells into kidney transplant mice experiencing acute transplant rejection,
the levels of circulating donor-specific antibodies can be reduced, leading to decreased infiltration of B cells, plasma
cells, and Th17 cells, thereby alleviating transplant rejection.®® In contrast, depleting Treg cells in the kidney transplant
mice can promote transplant rejection.*® Similar to our research findings, Zhang’s study also revealed that treatment with
tacrolimus and fecal microbiota transplantation from tacrolimus-gavaged mice promoted a significant increase in the
proportion of Treg cells in the colonic mucosa and the circulation of the mice.”’ In addition, we noted a significant
decrease in the ratio of Th17 cells to Treg cells. Previous studies have shown that there is a balance between Treg cells
and Th17 cells, with Treg cells regulating the proportion and function of Th17 cells. It appears that factors promoting the
development of Treg cells typically inhibit the development of Th17 cells.*'*?

Unlike Treg cells, Th17 cells can produce the hallmark cytokines IL-17A, IL-17F, and IL-22, which induce
antimicrobial peptides in epithelial cells. This plays a crucial role in mucosal defense against extracellular bacteria and
fungi, as well as in inducing chemokines to recruit neutrophils and promote inflammatory responses.*’ Additionally,
research has shown that Th17 cells play a significant role in transplant rejection. In a mouse model of acute rejection
following heart transplantation, there is an increase in Th17 cells and an imbalance between Th17 and Treg cells.** An
increase in Th17 cells was observed in the kidneys of patients with failed kidney transplants, and the number of Th17
cells was positively correlated with the course of chronic graft rejection.*” Treatment of individuals experiencing
rejection with anti-IL-17 antibodies reduces rejection-induced lesions.*® This evidence further supports the idea that
tacrolimus-induced alterations in the intestinal flora of mice may exert immunosuppressive effects by regulating the
balance between Treg cells and Th17 cells.

In our study, tacrolimus treatment was also associated with a increased abundance of probiotic genus,
Bifidobacterium. Multiple strains of Bifidobacterium are frequently employed as biotherapeutic agents and demonstrate
favorable immunomodulatory and anti-inflammatory attributes, which include increasing the expression of inhibitory
Tregs, enhancing intestinal barrier integrity, and suppressing intestinal Th2 and Th17 immune responses.®’ ** Latest
research findings demonstrate that the abundance of Bifidobacterium pseudolongum can be significantly upregulated by
IAA, and Bifidobacterium pseudolongum ATCC25526 can alleviate DSS-induced colitis by increasing the proportion of
Tregs in colonic tissue.”® Based on this, we hypothesize that the alterations in the Th17/Treg balance observed in this
study may be also closely associated with Bifidobacterium. Moreover, we observed that tacrolimus treatment signifi-
cantly downregulated the abundance of Lactobacillus in the intestinal microbiota of mice. Lactobacillus intestinalis was
reported not to directly modulate T cell differentiation, but suppress the C/EBPa-driven production of SAA1 and SAA2
in intestinal epithelial cells. This reduction in SAA1/SAA2 expression, in turn, inhibits the differentiation of Th17 cells.”'
Interestingly, another study has shown that during SIV infection in rhesus macaques, specific depletion of gut-resident
Lactobacillus is associated with the loss of Th17 cells, suggesting that it thereby contribute to preserving Th17 cells
during pathogenic SIV infection.’” Furthermore, we also found that another ligand of AHR, linoleic acid, was elevated in
the intestines of tacrolimus-treated mice. Linoleic acid is a key target metabolite that modulates the extent of inflamma-
tion. It was reported to inhibit Th17 cell differentiation via phosphorylation of Ser727 in STAT1, while concurrently
promoting the differentiation of Tregs.>® Therapeutic restoration of linoleic acid levels has been shown to reduce the
Th17/Treg cell ratio in an AHR-dependent manner, thereby conferring anti-colitis effects.’ In contrast, our observations
revealed a decreased level of phosphocholine in the intestines of mice following tacrolimus treatment. Studies have
demonstrated that IgM against phosphocholine enhanced Treg cell polarization in derived from SLE patients and
atherosclerotic plaques while reducing the production of IL-17 and TNF-a in cell cultures from these two populations.>*
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Metabolites are key substances in the interaction between intestinal flora and the host. Therefore, we examined and
analyzed intestinal metabolites in tacrolimus-gavaged and saline-gavaged mice using an untargeted metabolomics
approach. The results showed that, compared with the saline-gavaged mice, there were significant differences in the
intestinal metabolites of the tacrolimus-gavaged mice. Seventeen metabolites were upregulated in the feces of the
tacrolimus-gavaged group, while sixteen metabolites were downregulated in the same group. Indole-3-acetic acid is an
important indole derivative produced by the gut microbiota from the catabolism of dietary tryptophan. It acts as a ligand
for the aromatic hydrocarbon receptor and can regulate intestinal homeostasis and mucosal immunity through activation
of the aromatic hydrocarbon receptor pathway.”> However, whether the tacrolimus-induced alterations in the intestinal
flora of mice exert a protective effect on skin grafts by modulating indole-3-acetic acid needs to be verified through
in vivo experiments involving the supplementation of indole-3-acetic acid. Similarly, in a mouse model of ankylosing
spondylitis, activation of the aromatic hydrocarbon receptor has been reported to inhibit the production of pro-
inflammatory cytokines (TNF-a, IL-6, IL-17A, and IL-23) and promote the production of the anti-inflammatory cytokine
IL-10. This process increases Treg cell levels by upregulating the transcription factor Foxp3 and decreases Th17 levels
by downregulating the transcription factor RORyt.>®

Furthermore, we also found that another ligand of AHR, linoleic acid, was elevated in the intestines of tacrolimus-
treated mice. Linoleic acid is a key target metabolite that modulates the extent of inflammation. It was reported to inhibit
Th17 cell differentiation via phosphorylation of Ser727 in STAT1, while concurrently promoting the differentiation of
Tregs.> Therapeutic restoration of linoleic acid levels has been shown to reduce the Th17/Treg cell ratio in an AHR-
dependent manner, thereby conferring anti-colitis effects.>® In contrast, our observations revealed a decreased level of
phosphocholine in the intestines of mice following tacrolimus treatment. Studies have demonstrated that IgM against
phosphocholine enhanced Treg cell polarization in derived from SLE patients and atherosclerotic plaques while reducing
the production of IL-17 and TNF-a in cell cultures from these two populations.>*

The present research has some constraints and points that should be addressed. In the present study, we investigated
the effect of fecal bacterial solutions derived from tacrolimus-treated mice on skin grafts. We found that these solutions
exerted a protective effect, which suggests a direct association between the protective action of tacrolimus and the gut
microbiota. However, we did not explore whether antibiotics can abrogate tacrolimus-induced protection of skin grafts.
In future research, supplementary experiments are warranted to validate, from multiple perspectives, that the protective
effect of tacrolimus is dependent on the gut microbiota. While the results suggest that tacrolimus-induced gut micro-
biome may influence the balance between Treg cells and Th17 cells, the causal relationship between specific microbiota
or metabolites and Treg/Th17 modulation remains unclear. More in-depth experiments, such as metabolite supplementa-
tion, germ-free models, or co-culture assays, are needed to clarify the direct relationship. It has been reported that there is
a close relationship and cross-talk among organ transplantation, the gut microbiota, and the immune system.* In order to
isolate the effect of skin transplantation and the immune system on the gut microbiota, mice that underwent skin
transplantation and received no drug treatment were used as the control group. Our current results cannot explain whether
the changes in gut microbiota are due to the direct effects of tacrolimus or are secondary to its overall immune
modulation. Control experiments in which tacrolimus is administered systemically but without direct effects on the gut
are needed in the future. In this study, we revealed changes in Th17 and Treg cell populations in the mesenteric lymph
nodes without investigating the levels of inflammatory cytokines. It is another shortcoming of the present study that we
did not investigate the effects of tacrolimus-induced alterations in gut microbiota and their metabolites on the absolute
numbers of immune cells. Our future study would explore strategies to reduce the side effects of tacrolimus, such as
combining it with probiotics or specific microbial metabolites. In addition, we used a fully mismatched allogeneic
transplant model to elicit robust transplant rejection. This model enabled clear observation of how tacrolimus-induced gut
microbiota and metabolite alterations influence immune cells and transplant rejection, and facilitated exploration of the
effects and mechanisms of myeloid cell-specific nanobiologics and LFA-1 blockade on allografts.’”>® However, clinical
HLA phenotyping ensures partial allele sharing between donors and recipients. Future studies will further explore how
tacrolimus-induced gut microbiota and metabolite alterations affect skin allografts using a semi-mismatched model.
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Conclusions

In summary, our research revealed that tacrolimus had no marked effect on gut microbiota a-diversity but changed -
diversity and composition, and altered 33 fecal metabolites. FMT from tacrolimus-treated mice prolonged skin allograft
survival, ameliorated graft pathology, linked to adjusted Treg/Th17 proportions in lymph nodes. These data may provide
a basis for establishing gut microbiota-based therapies for allograft rejection, as well as the development of strategies for
reshaping the microbiota in a targeted manner. Nevertheless, the use of a murine model may not fully reflect the
complexity of human allograft rejection, and there may be potential challenges in translating our findings to clinical
practice.
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