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ABSTRACT 25 

Long-term graft attrition remains a critical challenge despite maintenance 26 

immunosuppression, which perturbs intestinal immune homeostasis and microbial 27 

communities, which may contribute to vascular inflammation and chronic graft injury. 28 

We previously identified Muribaculaceae expansion as a shared feature of long-term 29 

exposure to multiple distinct immunosuppressant classes in the murine gut microbiome. 30 

In this study, using a fully MHC-mismatched mouse heart transplant model under 31 

chronic tacrolimus treatment, we tested whether oral administration of the 32 

protolerogenic Bifidobacterium pseudolongum subsp. globosum (Bifido) or pro-33 

inflammatory Desulfovibrio desulfuricans (Desulfo) could redirect this dysbiotic state and 34 

affect graft fate. Longitudinal metagenomic and metabolomic profiling showed an 35 

ordered tacrolimus-associated microbial succession that culminated in sustained 36 

Muribaculaceae enrichment with coordinated luminal and circulating metabolic 37 

remodeling. Bifido, but not Desulfo, redirected the community trajectory by reducing 38 

Muribaculaceae enrichment, increasing selected fermentative commensals, and 39 

establishing metabolites linked to epithelial and immune regulation, including kynurenic 40 

acid and N-acetylspermine. Spatial transcriptomics showed that Bifido partially 41 

attenuated early tacrolimus-induced colonic metabolic, stress, and epithelial-remodeling 42 

programs while later selectively reprogramming ileal antimicrobial defense, crypt-43 

proximal metabolic adaptation, and mucosal humoral immunity. These changes were 44 

accompanied by minimal graft vasculitis and fibrosis, increased Foxp3⁺ regulatory T-cell  45 

localization in mesenteric and peripheral lymph nodes (LNs), and partial preservation of 46 

tolerogenic stromal laminin α4:α5 organization. In contrast, Desulfo-treated mice 47 
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retained Muribaculaceae enrichment and developed progressive vascular injury. In an 48 

exploratory human-to-mouse fecal microbiota transfer (FMT) experiment, chronic 49 

allograft vasculopathy (CAV)-associated donor stool promoted expansion of 50 

endogenous murine Muribaculaceae and a distinct microbial functional state, together 51 

with increased graft fibrosis, T cell infiltration, LNs remodeling, and vasculitis. Whereas 52 

non-CAV donor stool favored Bifido enrichment and was associated with lessened graft 53 

pathology. Together, these findings provide proof of principle that the 54 

immunosuppressant-perturbed gut ecosystem is a targetable axis, supporting novel 55 

adjunct therapies that complement immunosuppression and mitigate chronic graft injury. 56 



4

Introduction 57 

Heart transplantation has achieved excellent short-term survival with modern 58 

immunosuppressive regimens, yet long-term graft attrition remains a critical challenge. 59 

A principal cause of late graft failure is chronic rejection manifested as chronic allograft 60 

vasculopathy (CAV), a diffuse, concentric, immune-mediated obliterative arteriosclerosis 61 

that affects both epicardial and intramyocardial vessels1, 2. CAV develops in 62 

approximately 30% of recipients within 5 years and approaches 50% by 10 years after 63 

transplantation3, 4. Intravascular ultrasound studies reveal subclinical intimal thickening 64 

in most grafts by the end of the first year, indicating that vasculopathy begins earlier 65 

than other clinical indicators5. Current immunosuppressive regimens incompletely 66 

prevent chronic vascular injury, inflammation, fibrosis, and metabolic dysregulation 67 

while contributing to infection, malignancy, or drug-associated end-organ toxicity6, 7. 68 

Tacrolimus (FK506) is the cornerstone of maintenance immunosuppression after 69 

heart transplantation8, 9. However, tacrolimus, like other immunosuppressants, is not 70 

antigen-specific and acts broadly across immune and non-immune compartments with 71 

potential effects on intestinal immune homeostasis, epithelial function, microbial 72 

ecology, and host-microbial metabolism10-12. We previously found that tacrolimus, along 73 

with four other classes of immunosuppressants (cyclosporine, sirolimus, mycophenolate 74 

mofetil, and corticosteroids), induces gut dysbiosis in naïve mice and drives a 75 

convergent expansion of Muribaculaceae13, 14. Species in Muribaculaceae (or S24-7) 76 

are dominant members of the murine gut microbiota with broad saccharolytic and 77 

mucus-associated carbohydrate-utilization capacity15-17. Their metabolic versatility may 78 

confer a competitive advantage in disrupted gut environments, and enrichment of 79 
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specific Muribaculaceae taxa has been causally linked to insulin-dependent diabetes 80 

and impaired glucose metabolism in mice18, 19. The consistent enrichment of 81 

Muribaculaceae after treatment with different immunosuppressant classes suggests that 82 

chronic immune suppression may impose a general shared ecological selection 83 

pressure on the intestinal ecosystem. It is not known if counteracting 84 

immunosuppression induced gut dysbiosis can mitigate subsequent graft injury. 85 

Microbial metabolism provides a plausible mechanism by which an 86 

immunosuppressant-conditioned intestinal ecosystem could influence distant vascular 87 

and immune phenotypes. Gut microbial activity contributes to circulating metabolites 88 

that affect endothelial activation, platelet function, inflammation, and renal-metabolic 89 

stress. For example, trimethylamine N-oxide (TMAO), originating from the hepatic 90 

oxidation of gut microbial produced trimethylamine (TMA), has been linked to 91 

atherosclerosis, platelet hyperreactivity, thrombosis, and adverse cardiovascular 92 

outcomes20, 21. Phenylacetylglutamine (PAGln), a host-conjugated product of microbial 93 

phenylalanine metabolism, augments platelet responsiveness through adrenergic 94 

receptor signaling22. Conversely, microbial polyamine and tryptophan metabolites can 95 

shape epithelial and antigen-presenting cell function and the balance between 96 

tolerogenic and effector immune programs23, 24. Defining how chronic 97 

immunosuppression reshapes this local-to-systemic metabolic interface may reveal 98 

mechanisms linking intestinal dysbiosis to chronic allograft injury. 99 

The intestinal epithelium is a spatially structured environment that acts as a 100 

central interface through which the luminal microbiota can influence mucosal and 101 

systemic immunity. Microbial activities may also influence LN stromal organization and 102 
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leukocyte positioning, thereby shaping the regulatory and effector niches in which 103 

alloimmune responses are organized13, 14. Spatial transcriptomics therefore offers a 104 

means to identify the intestinal niches in which microbial activity reshapes epithelial and 105 

mucosal immune programs. 106 

Here, we used a fully allogeneic murine heart transplant model maintained on 107 

daily tacrolimus 25, 26 to test whether oral administration of a protolerogenic 108 

Bifidobacterium (Bifido) could redirect post-transplant dysbiosis and attenuate chronic 109 

graft injury relative to pro-inflammatory Desulfovibrio (Desulfo) or vehicle control (no 110 

bacteria). We integrated longitudinal metagenomic and metabolomic profiling with 111 

spatial transcriptomics of the intestine, immune and stromal analyses of LNs, and graft 112 

histopathology. To explore translational relevance, we performed human-to-mouse fecal 113 

microbiota transplant (FMT) using stool from cardiac-transplant recipients with or 114 

without CAV, and healthy donors. This design tested whether a tacrolimus-conditioned 115 

gut ecosystem constituted a modifiable axis linking microbial communities, epithelial 116 

adaptation, metabolic remodeling, immune organization, and chronic allograft injury. 117 

This proof-of-principle study evaluated the gut ecosystem as a modifiable adjunctive 118 

target to complement immunosuppression and limit chronic graft injury.119 
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Results 120 

Tacrolimus-associated microbiome succession after cardiac transplantation  121 

We previously showed that prolonged exposure to five mechanistically distinct 122 

immunosuppressant classes each induced a conserved dysbiotic state marked by 123 

reduced diversity and Muribaculaceae expansion in naïve mice13. Here, we examined 124 

whether this signature occurs in a fully MHC-mismatched cardiac-transplant model 125 

maintained on daily low-dose tacrolimus25, 26. Longitudinal fecal microbiome profiling 126 

from day 0 to day 40 revealed a time-structured succession of the post-transplant gut 127 

microbiome (Figure 1A, Supplemental Table 1). Changes in microbial family-level 128 

composition showed three broad temporal patterns: (i) early depletion, (ii) transient early 129 

expansion, and (iii) late or sustained enrichment. Akkermansiaceae (e.g. Akkermansia 130 

muciniphila) was nearly absent on day 0, peaked on day 7 and declined rapidly, 131 

becoming nearly undetectable by day 14 (Figure 1B). Bacteroidaceae (e.g. Bacteroides 132 

thetaiotaomicron) similarly dropped by day 7 and remained low thereafter. 133 

Enterobacteriaceae decreased to near-zero by day 7, and Lactobacillaceae declined 134 

sharply by day 3. In contrast, several Lachnospiraceae (e.g.14-2, Acetatifactor, 1XD42-135 

69, 1XD8-76) increased rapidly and peaked at day 7, indicating a transient fermentative 136 

response following loss of primary mucin- and polysaccharide-utilizing taxa. 137 

Acutalibacteraceae also showed modest early increases by day 7 but did not persist.  138 

Muribaculaceae showed the most prominent expansion, peaking near day 14 and 139 

remaining dominant through day 40 with only a modest decline after day 28 140 

(Supplemental Figure 1). This pattern was driven primarily by Duncaniella, CAG-873, 141 

and Paramuribaculum, the same Muribaculaceae-associated genera identified in 142 
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chronically immunosuppressed naïve mice13. Bifidobacteriaceae (Bifidobacterium 143 

pseudolongum) became detected by day 21 and persisted in low relative abundance 144 

through day 40. Together, these findings demonstrated an ordered post-transplant 145 

microbial succession under chronic tacrolimus, characterized by early loss of multiple 146 

commensals, transient enrichment of selected Lachnospiraceae, and sustained 147 

Muribaculaceae dominance. They extend the previously observed immunosuppression-148 

associated dysbiotic signature to a chronic cardiac allograft setting. 149 

Longitudinal fecal metagenomes were also analyzed using HUMAnN4 to relate 150 

functional profiles to taxonomic succession. Tacrolimus-associated dysbiosis was 151 

accompanied by a structured transition in microbial metabolic potential. The early loss 152 

of Lactobacillaceae and other commensals coincided with the progressive depletion of 153 

hexitol fermentation to lactate, formate, ethanol, and acetate; NAD salvage to 154 

nicotinamide riboside; and polyamine biosynthesis pathways (Figure 1C). Reaction-155 

level profiles similarly showed reduced D-lactate dehydrogenase, tryptophan synthase, 156 

and kynurenine 3-monooxygenase signals after the early time points. In contrast, 157 

expansion of Muribaculaceae coincided with retention or enrichment of carbohydrate-158 

processing functions during the later dysbiotic phase (Figure 1D). Glycolysis III from 159 

glucose increased when Muribaculaceae became dominant, whereas lactate 160 

fermentation to propanoate and acetate remained detectable across the time course 161 

(Figure 1E). The moderate late increase in Bifido abundance was accompanied by 162 

recovery of the Bifido shunt, consistent with partial restoration of bifidobacterial 163 

carbohydrate-fermentation potential late in the time course. Several functions related to 164 

phosphatidylcholine turnover and choline release or utilization, including 165 
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phosphatidylcholine acyl editing, choline sulfatase, choline kinase, and 166 

acetylcholinesterase, also varied longitudinally. Taxonomic stratification indicated that 167 

reduced choline sulfatase abundance was driven by depletion of Bacteroides 168 

thetaiotaomicron (Supplemental Figure 2). In contrast, most of the 169 

acetylcholinesterase abundance could not be attributed to contributed a particular taxa 170 

unclassified taxa, with minor contributions from Lachnospiraceae. Whereas 171 

phosphatidylcholine acyl editing involved unclassified taxa and Enterobacter 172 

hormaechei. Chronic tacrolimus exposure was associated with convergence of fecal 173 

metagenomic functional profiles, reflected by reduced within-day Bray-Curtis separation 174 

and lower distance to day-specific centroids at later time points (Supplemental Figure 175 

3). Taxonomic profiles showed a similar pattern, indicating that functional convergence 176 

accompanies taxonomic succession. Together, these data showed that a tacrolimus-177 

associated microbiome is characterized by selective remodeling of the functional 178 

capacity. Chronic tacrolimus treatment resulted in the early depletion of commensal-179 

associated lactate, NAD, polyamine, and tryptophan-related functions with a 180 

subsequent transition to a Muribaculaceae-dominant state that was enriched for 181 

carbohydrate-utilization potential.  182 

Chronic tacrolimus drives staged gut-systemic metabolic remodeling and late host-183 

microbial co-metabolism  184 

We longitudinally profiled the ileal intraluminal and serum metabolomes in 185 

cardiac allograft recipient mice at day 0, after antibiotic conditioning but before 186 

transplantation and tacrolimus treatment, and at days 3 and 40 after transplantation 187 

under daily tacrolimus treatment (Figure 2A, 2B, Supplemental Table 2A, 2B). For 188 
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each metabolite, group differences were tested by one-way ANOVA with Tukey’s 189 

honestly significant difference (HSD) post hoc pairwise comparisons and Benjamini-190 

Hochberg FDR correction (Supplemental Table 2C-E). Hierarchical clustering revealed 191 

distinct metabolic states at baseline, day 3, and day 40 in both the intestinal lumen and 192 

circulation, indicating progressive temporal remodeling during the post-transplant period 193 

(Supplemental Figure 4A, 4B). In the intestinal lumen, this remodeling was 194 

characterized by rapid and sustained changes in selected microbial and host-microbial 195 

metabolites (Figure 2C; Supplemental Figure 5A). Kynurenic acid (KYNA) was 196 

abundant at baseline but declined sharply by day 3 and remained depleted through day 197 

40; N-methyltyramine followed a similar trajectory. In contrast, diaminopimelic acid 198 

(DAP) increased rapidly and remained elevated, consistent with sustained bacterial cell-199 

wall turnover during microbial community restructuring. Serum metabolites followed a 200 

parallel but distinct temporal trajectory (Figure 2D, Supplemental Figure 5B). At 201 

baseline, serum was enriched for medium- and long-chain fatty acids, including α-202 

linolenic acid, stearidonic acid, oleic acid, myristoleic acid, palmitoleic acid, 203 

docosahexaenoic acid, and docosapentaenoic acid, together with thiol- and redox-204 

associated metabolites. By day 3, these lipid and antioxidant pools were broadly 205 

depleted, whereas metabolites associated with tissue remodeling, amino acid turnover, 206 

nitrogen metabolism, and oxidative stress increased, including allysine, 4-207 

hydroxyproline, lysine, aminoadipic acid, ornithine, α-aminobutyric acid, L-cystine, 208 

homoarginine, imidazolepropionic acid, and 1-methyl-4-imidazoleacetic acid. By day 40, 209 

the serum metabolome had transitioned to a chronic state marked by the accumulation 210 

of microbial and host–microbiome co-metabolic products, including trimethylamine N-211 
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oxide (TMAO), phenylacetic acid (PAA), phenyllactic acid (PLA), and 212 

phenylacetylglutamine (PAGln). Together, these findings showed that the post-213 

transplant period under chronic tacrolimus was accompanied by a staged metabolic 214 

trajectory, with early luminal depletion of selected microbial metabolites and systemic 215 

lipid-redox disruption followed by late accumulation of host-microbiome co-metabolites 216 

linked to vascular and inflammatory pathways. 217 

We next focused on metabolites that changed across both the intestinal lumen 218 

and circulation to identify coordinated gut-systemic metabolic responses. One of the 219 

most prominent was TMAO, which accumulated at day 40 in both compartments 220 

(Figure 2E). In the gut lumen, late increases in phosphocholine and 221 

glycerophosphocholine were accompanied by increased trimethylamine (TMA) and 222 

TMAO, while serum TMAO increased in parallel. This coordinated pattern was 223 

consistent with enhanced engagement of the choline-TMA-TMAO host–microbial co-224 

metabolic axis during chronic tacrolimus exposure. A second cross-compartment 225 

signature involved phenylalanine- and tyrosine-derived metabolites (Figure 2F). In the 226 

gut lumen, PLA, 3-(4-hydroxyphenyl)lactate, and tyramine increased by day 40, 227 

together with a late increase in PAGln. In serum, PAA and the related aromatic acids 2-228 

hydroxyphenylacetic acid and 4-hydroxyphenylacetic acid increased markedly, 229 

accompanied by increased glutamine and PAGln. The accumulation of aromatic 230 

lactates in the lumen was consistent with increased representation of reductive aromatic 231 

amino acid metabolism, whereas the concurrent systemic enrichment of PAA-, 232 

hydroxyphenylacetate-, and PAGln-related metabolites indicated broader remodeling of 233 

phenylalanine and tyrosine co-metabolism. Together, these coordinated luminal and 234 
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circulating signatures showed that tacrolimus-associated microbial succession was 235 

accompanied by late remodeling of choline and aromatic amino acid metabolism, linking 236 

intestinal ecological change to systemic metabolic pathways with potential relevance to 237 

vascular and inflammatory injury. 238 

Pro-tolerogenic Bifido reshapes the tacrolimus-conditioned gut microbiome and limits 239 

Muribaculaceae dominated dysbiosis 240 

To determine if intervening with oral bacterial gavage could reshape the post-241 

transplant gut ecosystem under chronic tacrolimus treatment, mice were orally gavaged 242 

with Bifido, Desulfo, or PBS control (tacrolimus-only, TAC) on day 0 followed by cardiac 243 

allograft transplantation and daily tacrolimus treatment starting on day 0. (experimental 244 

design in Figure 3A). This experiment was designed to test whether targeted bacterial 245 

supplementation could reshape the tacrolimus-conditioned gut ecosystem. We 246 

hypothesized inoculation with protolerogenic bacteria would counteract 247 

immunosuppressant-associated dysbiosis while inoculation with proinflammatory 248 

bacteria would exacerbate dysbiosis. We performed trajectory analysis using PCoA 249 

connected by temporal vectors, which revealed that the Bifido and Desulfo groups 250 

followed distinct trajectories, with the TAC and Desulfo groups exhibiting similar 251 

trajectories. (Figure 3B). PCA further supported this observation and showed that by 252 

day 40 the Bifido group diverged from the Desulfo and control groups, with separation 253 

becoming more pronounced over time (Figure 3C). Time-resolved ordination further 254 

showed that Bifido-treated mice formed a distinct community by day 7 and remained 255 

separated from tacrolimus-only and Desulfo-treated mice throughout the study period 256 

(Supplemental Figure 6).  257 
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We visualized changes in microbial community composition in response to 258 

bacterial gavage with a species-level heatmap ordered by time and group 259 

(Supplemental Figure 7). Bacteroides thetaiotaomicron remained one of the most 260 

abundant taxa through day 28 in mice gavaged with Bifido. The Bifidobacterium itself 261 

peaked immediately post-gavage, then declined to a low but persistent level, suggesting 262 

that repeated administration may be needed to sustain high-level colonization. As Bifido263 

relative abundance waned, several Muribaculaceae lineages, which were enriched in 264 

the TAC and Desulfo groups, expanded in a reciprocal manner. Early after gavage, 265 

Bifido relative abundance was highest while lineages in Muribaculaceae (Duncaniella, 266 

Paramuribaculum, and CAG-873) remained low. As Bifido relative abundance declined 267 

between days 7 and 14, these Muribaculaceae lineages increased (Figure 3D). We 268 

next used longitudinal mixed-effects models incorporating treatment group and 269 

sampling time as fixed effects and mouse as a subject-level effect, to identify taxa that 270 

consistently differed between treatment groups. Relative to tacrolimus-only controls, 271 

Bifido treatment was associated with lower relative abundance of multiple 272 

Muribaculaceae lineages, including Duncaniella, CAG-485, UBA7173, and CAG-873, 273 

while favoring taxa from Bacteroidaceae, Lachnospiraceae, and Ruminococcaceae274 

(Supplemental Figure 8A). Similarly, compared to the Desulfo group, Bifido gavage 275 

enriched not only for Bifido itself, but also for CAG-180, UBA2882, Bacteroides, 276 

Prevotella, Ruminiclostridium, COE1, and 1XD8-76. Conversely, Desulfo-gavaged mice 277 

were enriched for several Muribaculaceae lineages, including Duncaniella, CAG-485, 278 

UBA7173, Paramuribaculum, Muribaculum, and CAG-873, together with Emergencia, 279 

MGG50002, and UBA7001 (Supplemental Figure 8B). Desulfo and control groups 280 
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exhibited only modest between group differences. Together, these results showed that 281 

Bifido redirected the tacrolimus-conditioned community away from a Muribaculaceae-282 

enriched state. 283 

To assess the reproducibility of microbiome remodeling after bacterial 284 

supplementation, we repeated the experiment in an independent mouse cohort under 285 

identical transplantation, antibiotic-conditioning, and chronic tacrolimus conditions. 286 

Although the magnitude and temporal pattern of Bacteroides thetaiotaomicron differed 287 

between experiments, the principal response was reproducible (Supplemental Figure 288 

9A, 9B). In both cohorts, the gavaged Bifidobacterium expanded transiently after 289 

gavage, Firmicutes, particularly Clostridales, progressively increased, and 290 

Muribaculaceae enrichment was suppressed relative to tacrolimus-only controls. This 291 

pattern was also consistent with our prior transplant study, in which early Bifido292 

administration transiently reduced Muribaculaceae abundance before re-expansion at 293 

later time points (25and adapted in Supplemental Figure 9C). Adjusted association 294 

modeling of the combined replicate datasets identified taxonomic groups associated 295 

with Bifido relative abundance (Figure 3E). Clostridiaceae and Peptostreptococcaceae296 

showed the strongest positive associations with Bifido, whereas Duncaniella and 297 

Muribaculum showed inverse associations. Together, these data demonstrated that 298 

Bifido reproducibly redirected the tacrolimus-conditioned endogenous microbiome 299 

beyond transient addition of itself. The later rebound of Muribaculaceae after Bifido300 

decline indicated that this compositional redirection was not fully durable after a single 301 

administration, so that repeated administration may be needed.  302 
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Bifido redirects the functional and metabolic state of the tacrolimus-conditioned gut 303 

ecosystem  304 

We next asked whether the taxonomic remodeling induced by Bifido was 305 

accompanied by a coordinated shift in microbial functional potentials. Metagenomic 306 

pathway profiles from two independent cohorts showed that Bifido gavage shifted the 307 

tacrolimus-conditioned microbiome into a distinct functional state. Shared pathways, 308 

defined by a pooled FDR < 0.10 and concordant Bifido versus control effect direction in 309 

both cohorts, were visualized in a row-scaled heatmap (Figure 4A). Across both 310 

experiments, the largest functional transition occurred between the pre-gavage baseline 311 

and the post-transplant period. Most pathways were low at day 0 and increased after 312 

transplantation and Bifido exposure, with broadly similar directionality across cohorts. 313 

The magnitude of change differed between experiments, consistent with the baseline 314 

community differences observed in the taxonomic analyses. The adjusted mixed-effects 315 

model identified a set of Bifido-associated functional pathways that consistently 316 

distinguished Bifido-treated mice from PBS/tacrolimus controls across both experiments 317 

(Figure 4B). Pathways increased in Bifido-treated mice were dominated by bacterial 318 

biosynthetic functions, with the largest effects observed for dTDP-N-acetylviosamine 319 

biosynthesis and bacterial phospholipid biosynthesis, followed by L-isoleucine 320 

biosynthesis II, glycogen biosynthesis from ADP-D-glucose, and L-valine biosynthesis. 321 

These changes indicated enrichment of selected cell-envelope, membrane, 322 

carbohydrate-storage, and branched-chain amino-acid biosynthetic functions. In 323 

contrast, pathways reduced in Bifido-treated mice were broader and included UDP-N-324 

acetyl-D-galactosamine biosynthesis II, norspermidine biosynthesis, L-tyrosine 325 
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degradation I, terminal O-glycan residue modification, aerobic respiration I, Entner-326 

Doudoroff carbohydrate metabolism, assimilatory sulfate reduction, sulfate assimilation 327 

and cysteine biosynthesis, unsaturated fatty-acid biosynthesis, and queuosine 328 

biosynthesis. These decreases were functionally distinct from the pathways enriched 329 

after Bifido, arguing against a nonspecific suppression of microbial metabolic potential. 330 

Instead, Bifido selectively reduced functions associated with sulfur assimilation, aerobic 331 

respiratory capacity, nucleotide/tRNA modification, and selected glycan and lipid 332 

pathways. 333 

Taxonomic attribution of stratified pathways showed that these functional shifts 334 

were distributed across the endogenous community rather than dominated by the 335 

gavaged Bifido strain (Figure 4C). Bifido contributed to selected amino-acid 336 

biosynthetic pathways but accounted for only a subset of the overall functional shift. 337 

Contributions to Bifido-enriched pathways were otherwise distributed among 338 

Bacteroides, including B. thetaiotaomicron, and multiple unclassified taxa. Conversely, 339 

pathways reduced in Bifido-treated mice were attributed broadly to Akkermansia, 340 

Enterobacteriaceae, Muribaculaceae, Akkermansia, and Clostridia, and a considerable 341 

portion of unclassified taxa. Many Muribaculaceae and Clostridial contributors remain 342 

unresolved at the species level. Together, these data showed that Bifido reorganized 343 

community functional potential away from sulfur-assimilation and aerobic-respiratory 344 

programs and toward selected carbohydrate-storage, branched-chain amino-acid, 345 

membrane, and cell-envelope biosynthetic functions. Thus, transient Bifido exposure 346 

acted as an ecological perturbation that redirected the endogenous tacrolimus-347 
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conditioned microbiome, propagating functional changes through the remodeled 348 

community rather than through the administered strain alone. 349 

We next determined whether this community-level functional redirection was 350 

reflected in measurable metabolic output. Intraluminal stool and serum metabolomes 351 

were profiled at days 3 and 40 after Bifido, Desulfo, or PBS (tacrolimus-only, TAC) 352 

gavage under chronic tacrolimus treatment (Supplemental Table 3A, 3B). Consistent 353 

with the metagenomic evidence of functional remodeling, Bifido produced a distinct 354 

luminal metabolomic profile at both day 3 and day 40, distinct from TAC controls and 355 

Desulfo-treated mice (Figure 5A, B). This separation was most evident in stool, and no 356 

FDR-significant metabolites were detected in paired serum, indicating that the dominant 357 

metabolic consequence of Bifido gavage was localized to the gut lumen within the 358 

sampling window and gavage schedule. At day 3, four metabolites were specifically 359 

elevated in Bifido-treated mice relative to both TAC controls and Desulfo-treated mice, 360 

including kynurenic acid, N-acetylspermine, orotic acid, and N6,N6-dimethyladenosine 361 

(Figure 5C). These early changes suggested rapid engagement of tryptophan 362 

metabolism, acetylated polyamine metabolism, and nucleotide-related pathways. By 363 

day 40, N-acetylspermine remained specifically elevated in Bifido-treated mice, while 364 

tryptamine increased and 3-(3-hydroxyphenyl)propanoic acid decreased (Figure 5D). 365 

To distinguish transient from durable Bifido-associated metabolites, we fit longitudinal 366 

models across the shared day 0 baseline and both post-gavage timepoints. Fourteen 367 

metabolites showed significant group-by-day effects, with N-acetylspermine 368 

representing the most consistent Bifido-associated metabolite across timepoints, 369 

whereas kynurenic acid was primarily an early day 3 feature (Figure 5E, Supplemental 370 
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Table 4C). Together, the metagenomic and metabolomic analyses support a coherent 371 

model in which Bifido gavage did not simply engraft as a dominant functional strain. 372 

Instead, transient Bifido exposure reorganized the tacrolimus-conditioned microbial 373 

community, producing a local metabolic program predominantly within gut lumen.  374 

Bifido attenuates early tacrolimus-associated colonic stress-metabolic programs and 375 

reprograms late ileal epithelial, metabolic, and humoral responses 376 

To determine whether Bifido modifies host intestinal responses in parallel with 377 

microbiome changes, we performed 10x Visium spatial transcriptomics on ileum and 378 

colon from PBS tacrolimus-control (TAC) and Bifido-treated mice (Supplemental Table 379 

4A). Visium spots were annotated as apical or basal epithelial regions based on spatial 380 

localization and transcriptomic clustering, and these annotations were projected onto 381 

the tissue sections. Across all 9,912 well-expressed genes, apical and basal epithelial 382 

compartments explained 29.9% of variance, ileum or colon tissue type 19.9%, and 383 

treatment group 4.8%, and the remaining were residual or unexplained plus interaction 384 

effects and genes specific to individual mice. PCA of the resulting compartment-level 385 

expression profiles showed that the epithelial compartment was the dominant source of 386 

transcriptional variation, separating apical from basal regions across treatment groups, 387 

with additional separation by tissue type (Figure 6A, 7B). We focused on epithelial-388 

associated regions and annotated apical and basal epithelial compartments to assess 389 

whether transcriptional responses were spatially organized along the intestinal epithelial 390 

layers (Figure 6C, Supplemental Figure 10). Using the variance decomposition of the 391 

Hallmark module scores, most modules were compartment and/or tissue-dominated 392 

(Supplemental Table 4B). For example, proliferation modules were driven 393 



19

overwhelmingly by compartment, consistent with basal crypt regions being the 394 

proliferative zone and apical/villus regions being post-mitotic. We therefore focused on 395 

the 15 modules with the greatest treatment-group-associated variance relative to 396 

compartment and tissue (Supplemental Figure 11), together with tacrolimus-397 

responsive intestinal genes identified in our previous transcriptomic study13. Differential 398 

expression analysis was then performed within each spatial compartment and time point 399 

to first define TAC-associated intestinal responses and subsequently compare Bifido-400 

treated mice with TAC controls at days 3 and 40 to identify Bifido-associated spatial 401 

transcriptional programs.  402 

We first examined how Bifido altered the dominant metabolic response in the 403 

colonic apical epithelium. At day 3, cholesterol homeostasis, peroxisome, and bile acid 404 

metabolism converged with a common TAC-high, Bifido-lower pattern (Figure 6D, 405 

Supplemental Figure 12). TAC induced a coordinated cholesterol-homeostasis 406 

transcriptional program in the colonic apical compartment at day 3, increasing all 15 407 

module genes, 14 of which were significantly altered relative to baseline. This response 408 

included coordinated induction of Hmgcs1, Mvd, Pmvk, Fdft1, Sqle, Sc5d, and Ldlr. 409 

STRING analysis showed that the sterol-biosynthesis genes formed a connected 410 

functional network (Supplemental Figure 13). Bifido shifted 93% of these genes in the 411 

direction opposite to TAC, reducing the median residual effect to 47% of the TAC-412 

associated change without fully restoring expression to baseline. Similarly, TAC 413 

significantly altered 19 of 27 peroxisome genes and 20 of 27 bile acid metabolism 414 

genes, and Bifido opposed the TAC-associated direction for 96% of genes in each 415 

module. The modules converged through shared genes including Fabp6, Sult2b1, 416 



20

Nr1i2, and multiple Pex genes, together with sterol- and nuclear receptor-associated 417 

nodes such as Dhcr24 and Rxra, supporting a coordinated sterol-bile acid-peroxisomal 418 

program regulation at the colonic apical site. Bifido gavage also induced a coherent 419 

oxidative-phosphorylation network relative to TAC in the colonic apical compartment at 420 

day 3. In parallel, the reactive oxygen species (ROS) module showed selective, 421 

nonuniform remodeling of antioxidant genes, including Sod1, Cat, Gpx3, Prdx1, Prdx6, 422 

and Gclm. Together, these findings showed that Bifido reprogrammed the early colonic 423 

apical response by partially attenuating TAC-induced sterol-bile acid-peroxisomal 424 

programs, enhancing mitochondrial respiratory gene expression and selectively 425 

remodeling antioxidant defenses. 426 

We next examined whether Bifido altered TAC-associated colonic apical 427 

signaling programs related to innate sensing, cellular stress, growth regulation, and 428 

epithelial remodeling. The PI3K-AKT-mTOR, TNFα-NF-κB, and TGF-β/BMP modules 429 

showed their strongest treatment-associated signals in the colonic apical compartment 430 

at day 3, with broad TAC induction followed by partial attenuation with Bifido (Figure 431 

7A, Supplemental Figure 14A). TAC altered 28 of 30 PI3K-AKT-mTOR module genes, 432 

which linked innate-sensing components, including Myd88, Tbk1, Ripk1, Traf2, and 433 

Map3k7, with PI3K-AKT-mTOR-associated growth and nutrient-regulatory genes such 434 

as Pten, Tsc2, Rptor, and Pik3r3. Bifido opposed the TAC-associated direction for 97% 435 

of these genes, reducing the median residual effect to 52%, consistent with attenuation 436 

of a coordinated sensing–adaptation program. In the TNFα–NF-κB module, TAC altered 437 

64 of 65 genes, including core NF-κB components and immediate-early stress-response 438 

genes, and Bifido shifted 94% in the opposite direction with a median residual effect of 439 



21

58%. TAC also altered all 23 TGFβ/BMP genes, including Smad1, Smad3, Smad7, 440 

Bmpr2, Id1, Id2, Pmepa1, and Tjp1, and Bifido opposed the TAC direction for 96%, 441 

reducing the median residual effect to 53%. A parallel protein-secretion module 442 

supported the same response. TAC altered 28 of 32 module genes, including core 443 

vesicle-trafficking machinery, and all shifted in the opposite direction after Bifido, with a 444 

median residual effect of 53%. STRING analysis further showed a connected SMAD-445 

centered TGF-β/BMP network including pathway activation, differentiation, and 446 

negative-feedback regulators, suggesting that TAC broadly engaged an epithelial 447 

remodeling program and stress-adaptation program that was partially attenuated by 448 

Bifido (Figure 7D). Together, these results indicated that Bifido broadly dampened, but 449 

did not completely normalize, a TAC-associated colonic surface program integrating 450 

innate sensing, NF-κB/immediate-early stress responses, growth and nutrient 451 

regulation, TGF-β/BMP signaling, and secretory-trafficking remodeling.452 

We then assessed how Bifido reprogrammed spatially distinct intestinal functions 453 

beyond the early colonic apical response. At day 40, TAC suppressed most ileal apical 454 

α-defensins and Lyz1, and Bifido shifted only a subset toward pretreatment levels while 455 

leaving much of this suppression intact (Figure 7B). In contrast, TAC strongly induced 456 

Reg3b and Reg3g, and Bifido further increased both, indicating selective amplification 457 

of a distinct C-type lectin antibacterial response. Thus, Bifido gavage reprogrammed 458 

rather than broadly restored ileal antimicrobial defense. Bifido established a broad 459 

mTORC1-associated transcriptional program spanning glycolysis, serine, one-carbon 460 

and amino acid metabolism, proteasomal processing, and ER proteostasis, including 461 

Gapdh, Eno1, Phgdh, Shmt2, Asns, Psmc6, Psmd14, Nupr1, Ddit3, Edem1, and Sdf2l1 462 
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(Figure 7C). STRING analysis further revealed an interconnected functional network 463 

linking metabolic regulation with protein processing and ER proteostasis, supporting a 464 

coordinated cellular adaptation rather than isolated gene-level changes (Figure 7E). In 465 

the ileal basal/deeper-wall compartment at day 40, Bifido induced a broad mTORC1-466 

associated transcriptional program relative to TAC controls. Among the 50 module 467 

genes included because they differed in at least one of the two contrasts, only two were 468 

significantly altered by TAC relative to pretreatment baseline. Thus, this pattern reflects 469 

induction of a distinct Bifido-associated state rather than reversal of a TAC-induced 470 

perturbation. In the same ileal basal compartment, Bifido also increased expression of 471 

fatty acid metabolism genes relative to TAC controls, including Acsl5, Cpt2, Acadl, Eci1, 472 

Eci2, Decr1, Crat, Hsd17b4, and Mcee, consistent with greater transcriptional capacity 473 

for mitochondrial fatty acid oxidation (Supplemental Figure 14B). Fabp2 remained 474 

strongly suppressed, indicating that Bifido did not broadly restore mature absorptive-475 

enterocyte functions but instead established a selective crypt-proximal metabolic state. 476 

In the colonic basal/deeper-wall compartment, Bifido more closely normalized a TAC-477 

associated colonic basal contractile signature at day 40 (Supplemental Figure 14C). 478 

TAC increased smooth-muscle and myofibroblast-associated genes, including Acta2, 479 

Tagln, Myh11, Mylk, Myl9, Tpm1, Tpm2, Actg2, and Ppp1r12b, whereas Bifido shifted 480 

all 12 module genes opposite to the TAC direction, reducing the median residual effect 481 

to 24%. Spatial mapping localized the highest module scores to the muscularis 482 

boundary, supporting a stromal or smooth-muscle origin (Figure 7F). These findings 483 

showed that Bifido did not uniformly reverse TAC-associated intestinal responses. 484 
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Finally, we asked whether Bifido elicited a spatially localized adaptive immune 485 

response in the intestine. Canonical T cell, conventional B cell, and dendritic cell marker 486 

programs showed no consistent treatment-associated signal, whereas a targeted 487 

immunoglobulin and plasma-cell module emerged in the ileal apical compartment at day 488 

40. Five of eight module genes were already altered by TAC relative to the day 0 489 

baseline, including strong induction of Cd38, Igkc, Igha, Jchain, and Iglc2 (Figure 7B). 490 

All eight genes differed between Bifido and TAC, with seven increasing after Bifido, 491 

including further induction of Cd38, Igkc, Igha, and Jchain and Bifido-associated 492 

increases in Iglc1, Iglc3, and Ighg2b; Iglc2 was the only gene reduced. The coordinated 493 

increase in Igha and Jchain, together with plasma-cell-associated and immunoglobulin 494 

constant-region genes, suggested that Bifido may enhance local antibody-secreting-cell 495 

activity and an IgA secretory program. Spatial mapping showed higher and more 496 

broadly distributed module scores throughout the ileal apical compartment after Bifido497 

treatment, indicating a widespread rather than focal humoral response (Figure 7G). 498 

Together, these findings identified a late, spatially widespread ileal humoral response as 499 

the predominant adaptive immune program associated with Bifido, suggesting selective 500 

enhancement of mucosal antibody-secreting-cell activity rather than broad intestinal 501 

lymphocyte activation. 502 

Bifido FMT mitigates graft vasculitis and preserves regulatory lymphoid and graft 503 

stromal organization under chronic tacrolimus 504 

We next assessed whether bacterial supplementation altered graft pathology 505 

under chronic tacrolimus treatment. Histologic scoring of graft tissue showed that TAC 506 

and Desulfo groups exhibited significantly increased inflammation and fibrosis by day 507 
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40, whereas Bifido recipients were comparatively protected (Figure 8A). Notably, 508 

Desulfo showed the highest fibrosis scores as early as day 3 on trichrome-stained 509 

cardiac allograft sections, indicating rapid pathologic acceleration. We also evaluated 510 

graft vasculature at early (day 3) and late (day 40) time points using the standard 511 

cardiac graft-rejection vascular scoring system (Figure 8B). Desulfo produced rapid and 512 

escalating vascular injury, with mild perivascular lymphocytic infiltrates at day 3 that 513 

progressed to severe vasculitis by day 40 with intravascular lymphocyte accumulation 514 

and vessel wall damage. TAC followed a similar but milder progressive pattern despite 515 

immunosuppression. In sharp contrast, Bifido maintained minimal vascular scores at 516 

both times. These data underscored that persistent, progressive graft vasculitis can 517 

occur post-transplant, which immunosuppressants alone cannot fully mitigate, as seen 518 

clinically; whereas a protolerogenic microbiome state induced by Bifido gavage 519 

preserved vascular integrity and mitigated fibrotic remodeling.  520 

To determine whether Bifido-associated graft protection was accompanied by 521 

changes in lymphoid immune regulation, we quantified Foxp3⁺ Treg localization in pLNs 522 

and mLNs, focusing on the cortical ridge (CR) and high endothelial venule (HEV) 523 

regions. Bifido markedly increased Treg localization in the CR and around HEVs of 524 

mLNs at day 3, and this enrichment remained evident at day 40. A similar pattern was 525 

observed in pLNs, where Bifido significantly increased Foxp3⁺ Tregs in both CR and 526 

HEV regions at early and late time points (Figure 8C, Supplemental Figure 15A, 15B). 527 

These findings indicated that Bifido promoted sustained Treg positioning within both 528 

gut-draining and systemic lymphoid niches under chronic tacrolimus treatment. Given 529 

that HEV-associated Tregs can limit inflammatory cell entry into LNs and CR-localized 530 
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Tregs can restrain antigen-driven T-cell priming, these data suggest that Bifido-531 

associated protection restored a regulatory LN microenvironment.  532 

We further examined whether Bifido altered the intragraft immune and stromal 533 

environment. In cardiac allografts, the laminin α4:α5 ratio declined markedly by day 40 534 

in TAC controls, indicating progressive loss of a regulatory stromal architecture within 535 

the graft (Figure 8D, Supplemental Figure 15C). Bifido did not significantly alter this 536 

ratio at day 3, but by day 40 it preserved a significantly higher laminin α4:α5 ratio 537 

compared with TAC controls, suggesting protection from chronic graft stromal 538 

remodeling. Consistent with this, TAC controls showed a marked accumulation of 539 

intragraft CD4⁺ T cells by day 40, whereas Bifido significantly reduced CD4⁺ T cell 540 

infiltration at this late time point. Foxp3⁺ Tregs and CD8⁺ T cells increased over time in 541 

both TAC and Bifido-treated grafts, indicating that Bifido did not fully prevent all cellular 542 

recruitment into the graft (Figure 8D, Supplemental Figure 15D). Rather, its strongest 543 

intragraft effect was preservation of laminin α4:α5 organization and selective limitation 544 

of CD4⁺ T cell accumulation. Together with the vascular scoring and fibrosis data, these 545 

findings indicated that Bifido mitigated chronic graft inflammatory remodeling under 546 

tacrolimus but did not eliminate late intragraft immune cell infiltration. Overall, Bifido547 

gavage mitigates chronic graft inflammatory remodeling under tacrolimus by linking 548 

reduced vascular injury and fibrosis with enhanced LN regulatory positioning and partial 549 

preservation of graft stromal architecture.  550 

CAV-associated human microbiota establish distinct post-FMT ecological trajectories 551 

To extend our murine FMT observations to a translational setting, we transferred 552 

stool from cardiac transplant patients with CAV, without CAV, or from a healthy donor 553 
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(CAV-FMT, n=6 recipient mice; non-CAV-FMT, n=5; healthy-control FMT, n=4; Figure 554 

9A). Mice received six days of broad-spectrum antibiotic conditioning27, followed by a 555 

washout period and weekly FMT for four weeks to promote sustained human microbiota 556 

engraftment. Trichrome staining of graft sections showed significantly higher cardiac-557 

allograft fibrosis scores in CAV-FMT recipients compared to non-CAV (Figure 9B, 9D). 558 

Immunohistochemistry further demonstrated increased CD4⁺ and CD8⁺ T-cell infiltration 559 

in cardiac allografts (Figure 9B, Supplemental Figure 16A) and a reduced laminin 560 

α4:α5 ratio in draining LNs in CAV FMT recipients (Figure 9B), consistent with LN 561 

remodeling toward a pro-inflmmatory state. pLN similarly showed reduced laminin α4:α5 562 

ratios (Fig. 9C, Supplemental Figure 16B), indicating more widespread lymphoid 563 

stromal remodeling. Together, these findings showed that microbiota derived from CAV 564 

and non-CAV recipients were associated with divergent lymphoid and graft phenotypes. 565 

Whole-community longitudinal analysis showed that the most dominant 566 

microbiome signal was a pronounced, concordant displacement from day 0 to day 7 567 

across all three donor groups (Figure 9E), consistent with major early post-conditioning 568 

and FMT-associated community restructuring. The microbiota subsequently continued 569 

along distinct post-FMT trajectories, with day 28 and day 60 samples showing similar 570 

overall community, suggesting establishment of relatively stable late community states. 571 

Within these shared temporal dynamics, CAV-, non-CAV-, and healthy-control FMT 572 

recipients followed distinguishable trajectories, indicating that donor-associated 573 

microbiota further shaped the community state established at each post-FMT time point. 574 

To identify the taxa underlying these donor-group-specific trajectories, we next 575 

performed time-resolved pairwise comparisons of CAV-FMT with non-CAV-FMT and 576 
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healthy-control FMT recipients (Supplemental Figure 17A). Taxa differing at one or 577 

more post-FMT time points were identified, and their longitudinal trajectories were 578 

examined to determine whether these differences were transient or maintained over 579 

time. By day 7, CAV-FMT recipients already showed substantial taxonomic divergence, 580 

involving Ruminococcus B, Parasutterella, UBA11940, CAG-267, Longibaculum, 581 

Duncaniella, Duodenibacillus, and Flavonifractor, among others. These taxa remained 582 

directionally enriched in CAV recipients through day 60, although persistence and 583 

statistical significance varied. We therefore applied a group-by-time mixed model to 584 

identify genera consistently enriched in CAV across the post-FMT period relative to the 585 

combined non-CAV and healthy-control groups, with Benjamini-Hochberg correction for 586 

multiple testing. Sixteen CAV-enriched genera met prespecified criteria of FDR 587 

<0.05, >1.5-fold enrichment, and mean CAV abundance ≥0.1% (Supplemental Figure 588 

17B), including Ruminococcus B, Parasutterella, CAG-267, CAG-873, UMGS1872, 589 

Flavonifractor, Clostridium, Longibaculum, and Duncaniella. Muribaculaceae expanded 590 

from 0.58% at baseline to 10.18%, 19.73%, and 18.86% at days 7, 28, and 60 in CAV-591 

FMT recipients, whereas expansion was delayed in healthy-control recipients and 592 

remained lower in non-CAV recipients (Figure 9G). Note that Duncaniella and CAG-873593 

were both previously identified as immunogenic taxa enriched in tacrolimus-only 594 

conditions and reduced under Bifido gavage. Because these murine family 595 

Muribaculaceae were in very low abundance before FMT and were not expected to 596 

derive directly from human donor stool, their expansion was most consistent with 597 

outgrowth from an endogenous murine reservoir under a permissive post-FMT 598 

ecological state. Thus, the donor-associated microbiota influenced not only which 599 
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transferred taxa persisted, but also which endogenous recipient lineages subsequently 600 

expanded. An opposing ecological pattern was observed for taxa within 601 

Lachnospiraceae, Bifidobacteriaceae, and Ruminococcaceae, several of which 602 

remained depleted in CAV-FMT recipients over time (Supplemental Figure 17A). 603 

Species-level assignments included B. longum, B. pseudolongum subsp. globosum604 

(Bifido), B. animalis, and B. bifidum. B. longum, a human-associated species, was 605 

consistently more abundant in non-CAV recipients (Supplemental Figure 17C). B. 606 

animalis and B. bifidum were also detected but cannot be assigned as human- or 607 

murine-derived from species-level classification alone. Notably, B. pseudolongum, 608 

Bifido itself appeared in non-CAV FMT mice by day 28 and was maintained through day 609 

60, suggesting acquisition from the murine endogenous reservoir once permissive 610 

conditions induced by FMT were created. Together, these findings indicated that post-611 

FMT colonization was governed by ecological selection rather than donor detection 612 

alone.  613 

CAV-associated microbiota establish distinct functional states after human FMT  614 

We next asked whether the divergent taxonomic trajectories induced by CAV and 615 

non-CAV FMT were accompanied by corresponding changes in microbial functional 616 

potential. A strong temporal and donor-group structure was observed (Figure 10A). 617 

Consistent with the taxonomic trajectories, all groups underwent a large early functional 618 

displacement after FMT but subsequently followed distinct trajectories in the taxa 619 

carrying these functions. We then identified pathways associated with the CAV and non-620 

CAV post-FMT states using mixed-effects models adjusting for sampling day and 621 

repeated measurements within mice. CAV-FMT recipients were enriched for pathways 622 
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involved in xyloglucan degradation, nitrate reduction and denitrification, and glycolysis, 623 

including xyloglucan degradation II, nitrate reduction I and VII, and multiple glycolytic 624 

pathways (Supplemental Figure 18). In contrast, pathways involved in mycothiol 625 

biosynthesis, ketogluconate metabolism, menaquinol biosynthesis, 1,4-dihydroxy-6-626 

naphthoate biosynthesis, and dopamine degradation were reduced in CAV-FMT 627 

recipients. Non-CAV FMT established a distinct, rather than simply reciprocal, functional 628 

state characterized by enrichment of dTDP-N-acetylthomosamine biosynthesis, 629 

anhydromuropeptide recycling, plasmalogen degradation, and related cell-envelope and 630 

metabolic pathways. A simplified longitudinal heatmap further showed preferential 631 

emergence of the CAV-associated carbohydrate degradation, glycolytic, and nitrate-632 

reduction program after FMT, whereas the reciprocal pathway set was preferentially 633 

retained or enriched in non-CAV recipients (Figure 10B). These findings defined a 634 

CAV-associated microbial functional state enriched for carbohydrate utilization and 635 

nitrate-linked respiratory potential, distinct from the cell-envelope and metabolic 636 

programs associated with non-CAV FMT.  637 

Taxonomic attribution of the discriminating pathways showed that these 638 

functional differences were distributed across multiple community members rather than 639 

driven by a single taxon (Figure 10C). Muribaculaceae contributed prominently to CAV-640 

associated glycolytic pathways, whereas xyloglucan degradation also involved 641 

Bacteroidaceae contributions and selected clostridial taxa. Conversely, several 642 

pathways enriched in the non-CAV-associated state contained Streptococcus, 643 

Bacteroides, and Bifido contributions, although unclassified taxa accounted for a 644 

substantial portion of the functional phenotype. Together, the taxonomic and functional 645 
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analyses indicated that human FMT redirected the recipient microbiome at the 646 

community level, with the CAV-associated state characterized by coordinated 647 

redistribution of metabolic functions across Muribaculaceae, Bacteroidaceae, clostridial 648 

lineages, and other community members rather than expansion of a single 649 

microorganism.650 
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Discussion 651 

This study identifies the tacrolimus-conditioned gut ecosystem as a modifiable 652 

component of chronic post-transplant injury. The reproducible emergence of 653 

Muribaculaceae-dominated communities after cardiac transplantation extends our prior 654 

observations across mechanistically distinct immunosuppressants 13, 14 and suggests 655 

that chronic immune suppression imposes a shared ecological pressure on the 656 

intestinal microbiome. Muribaculaceae expansion should not be interpreted as 657 

inherently pathogenic or as a single causal driver of graft injury. Rather, its repeated 658 

emergence may mark a drug-selected intestinal state in which altered nutrient 659 

availability, host defense, and microbial competition favor saccharolytic lineages 660 

adapted to complex dietary and host-derived carbohydrates15-19. The accompanying 661 

shift from early metabolic disruption to later accumulation of TMAO, PAGln, and related 662 

aromatic co-metabolites further suggests that this ecological succession has systemic 663 

biochemical consequences. Because several of these co-metabolic pathways have 664 

established effects on platelet and vascular biology20-23, the data raises the possibility 665 

that chronic immunosuppression influences graft outcome through metabolic pathways 666 

not targeted by conventional alloimmune suppression. The current study does not 667 

establish that these metabolites cause CAV, but it proposes a model implicating the 668 

perturbation of the gut-systemic metabolic axis. 669 

Bifido gavage provides an important conceptual counterpoint to this drug-670 

selected state. Its major effect was not durable dominance, but redirection of the 671 

surrounding microbial community. Metagenomic functional data reinforces this 672 

interpretation. Bifido-associated pathway changes were distributed among multiple 673 
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endogenous lineages, indicating redistribution of community functional potential rather 674 

than direct replacement of tacrolimus-associated functions by the gavaged strain. This 675 

may explain how transient exposure to a relatively low-abundance bacterium can have 676 

effects extending beyond its own metabolic repertoire. More broadly, these findings 677 

argue that the biological activity of a candidate probiotic cannot be inferred solely from 678 

its genome or abundance; its capacity to alter ecological relationships and redistribute 679 

functions across the resident community may be equally important28.  680 

The intestinal mucosa is likely the first host compartment to exhibit this altered 681 

ecosystem. The spatial transcriptomic data showed that the dominant response 682 

occurred at the luminal-facing colonic surface where TAC-associated metabolic, innate-683 

sensing, stress, growth-regulatory, and remodeling programs converged. Rather than 684 

viewing cholesterol, bile acid, peroxisomal, NF-κB, PI3K–AKT–mTOR-associated, and 685 

TGF-β/BMP signatures as independent pathways, their spatial and temporal 686 

convergence suggests a broader epithelial adaptation state. The apical epithelium 687 

continuously senses microbial products, bile acids, dietary substrates, and redox 688 

conditions; coordinated engagement of these programs may therefore reflect the 689 

energetic and regulatory demands imposed by the tacrolimus-conditioned lumen. Bifido690 

attenuated much of this response but generally did not return it to baseline. At the same 691 

time, mitochondrial respiratory and antioxidant programs were selectively reconfigured. 692 

Future direct measurements of sterol flux, bile acid receptor signaling, ROS, and mTOR 693 

activity will be required to resolve the upstream drivers of this transcriptional state. The 694 

later ileal response was biologically distinct and further argues against a simple 695 

restoration model. The mTORC1-associated signature is particularly intriguing because 696 



33

intestinal crypt cells must coordinate nutrient sensing with biosynthesis, protein quality 697 

control, and lineage maintenance. However, transcriptomic enrichment of mTORC1-698 

associated genes does not establish increased mTOR kinase activity or epithelial 699 

proliferation. Instead, the coupling of metabolic, ER-proteostatic, and fatty-acid oxidative 700 

programs suggests increased cellular capacity to accommodate sustained metabolic 701 

and secretory demands in crypt-proximal tissue. This interpretation provides a testable 702 

framework for future measurements of phospho-S6/4EBP1, metabolic flux, proliferation, 703 

and epithelial lineage dynamics. The ileal immunoglobulin program adds an immune 704 

dimension to this late response. In contrast to the absence of broad canonical T cell or 705 

conventional B cell activation signatures, Bifido selectively engaged a humoral program 706 

consistent with antibody-secreting-cell activity and polymeric IgA biology. This 707 

distinction is important. A microbiome intervention that broadly activates intestinal 708 

lymphocytes would be difficult to reconcile with graft protection, whereas selective 709 

enhancement of mucosal antibody responses could strengthen microbial containment 710 

and reshape host-microbe interactions without inflammatory activation. Visium cannot 711 

distinguish expansion of antibody-secreting cells from greater transcriptional output by 712 

existing cells, and direct measurement of luminal IgA and bacterial IgA coating will be 713 

needed. Nonetheless, the data suggests that Bifido changes not only epithelial 714 

adaptation, but also mucosal immunity deployed against the remodeled community. 715 

Overall, the intestinal response is spatially and temporally staged, consistent with 716 

changing microbial and metabolic inputs rather than a uniform epithelial effect of the 717 

administered strain.  718 
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These intestinal changes occurred in parallel with reorganization of lymphoid and 719 

graft microenvironments. The increased positioning of Foxp3⁺ Tregs within CR- and 720 

HEV-associated regions is particularly informative because immune regulation depends 721 

not only on cell abundance but also on where regulatory cells encounter incoming 722 

leukocytes and antigen-presenting cells. Similarly, preservation of laminin α4:α5 723 

organization in the graft suggests that Bifido-associated protection extends to tissue 724 

architecture that regulates leukocyte localization and inflammatory remodeling. The 725 

present data does not establish a causal sequence from intestinal epithelial adaptation 726 

to LN organization and graft protection. However, they support a gut–lymphoid–graft 727 

model in which microbial and metabolic state influence the stromal and cellular niches in 728 

which alloimmune responses are organized. This model is consistent with our prior work 729 

linking microbiota, LN remodeling, and tolerance 26, 29 and shifts the mechanistic 730 

question from whether the microbiome “suppresses immunity” to how microbial states 731 

alter the tissue architecture and localization of immune regulation. 732 

The human FMT experiments extend this ecological model beyond Bifido. The 733 

key observation is not simply that mice receiving CAV-associated microbiota developed 734 

a different taxonomic profile. Murine Muribaculaceae emerged from an endogenous 735 

reservoir, indicating that the donor-associated community altered recipient ecological 736 

selection rather than directly transferring the dominant lineage associated with the 737 

subsequent phenotype. This distinction may be highly relevant to transplantation, where 738 

antibiotic exposure, immunosuppressive drugs, diet, and host immunity continually 739 

reshape ecological niches. A patient's microbiome may therefore influence outcome 740 
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through its capacity to determine which organisms subsequently expand and which 741 

community functions are maintained. 742 

Overall, these findings establish the gut microbiome as a tractable target in 743 

transplantation science.  Future work could focus on several priorities. First, the 744 

mechanism of Bifido-mediated protection needs to be dissected to enhance 745 

translational potential. Key questions include whether protection depends on direct 746 

immune signaling through dendritic cells and macrophages, and restoration of SCFA-747 

producing networks, tryptophan-kynurenine and AhR-GPR35 signaling, polyamine 748 

metabolism, suppression of TMAO and PAGln pathways, or others. Second, the 749 

intervention should be optimized. Repeated dosing, strain selection, rational consortia 750 

with cross-feeding partners, prebiotic support, and postbiotic metabolite replacement 751 

may produce effective and durable effects. The human FMT study is exploratory and is 752 

influenced by antibiotic conditioning, donor representation, and host-specific selection. 753 

Third, the metabolomic data is associative. Although TMAO, PAGln, 4PY, kynurenic 754 

acid, polyamines, and aromatic metabolites are biologically plausible mediators, direct 755 

causal testing is still needed using metabolite supplementation, metabolite depletion, 756 

receptor blockade, and microbial mutants. Fourth, baseline-guided personalization can 757 

be considered, using pre-intervention microbiome profiling to identify “primed” vs. 758 

“unprimed” recipients and adjust dosing/strain selection30, 31. Overall, these findings 759 

support development of microbiome-informed strategies to reduce chronic graft injury 760 

without increasing systemic immunosuppressive burden. 761 
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Conclusion 762 

Together, these findings establish post-transplant gut dysbiosis as a dynamic 763 

and targetable axis of chronic allograft injury. Chronic tacrolimus imposed a 764 

reproducible ecological and metabolic trajectory marked by Muribaculaceae-dominated 765 

dysbiosis, altered gut-systemic co-metabolism, spatially organized intestinal stress and 766 

adaptation, and progressive graft vascular injury. Bifido gavage redirected this drug-767 

conditioned ecosystem at the community, metabolic, intestinal, and immune-organ 768 

levels, with parallel preservation of regulatory lymphoid and graft architecture and 769 

reduced vasculitis and fibrosis. Human-to-mouse FMT further showed that CAV-770 

associated microbiota can impose distinct recipient ecological and functional states 771 

linked to adverse graft phenotypes, supporting the translational relevance of 772 

microbiome-mediated ecological selection. Thus, microbiome disruption is not merely a 773 

consequence of immunosuppression but a modifiable component of the post-transplant 774 

environment that may amplify chronic graft injury. These findings support development 775 

of safe microbiome-directed adjunctive strategies designed to reshape community 776 

function and host response, complement conventional immunosuppression, and 777 

improve long-term graft function.778 
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Methods and Materials 779 

Strain cultivation  780 

B. pseudolongum strain UMB-MBP-01 was isolated from the feces of C57BL/6J 781 

mice through passages and screening on Bifidus Selective Medium (BSM) agar (Sigma-782 

Aldrich, St. Louis, MO, USA), as previously described32. Both strains were initially grown 783 

anaerobically at 37°C for 3-5 days on Bifido Selective Media (BSM) agar plates 784 

(Millipore Sigma, Burlington, MA), from which a single colony was selected and grown in 785 

BSM broth (Millipore Sigma, 90273-500G-F) until stationary phase (up to 3 days). 786 

Desulfovibrio desulfuricans subsp. desulfuricans (ATCC27774) was purchased from 787 

ATCC and grown in ATCC Medium: 1249 Modified Baar’s Medium (MBM) for sulfate 788 

reducers, which was made according to ATCC protocol. Cultures were initially 789 

incubated under anaerobic conditions for 5 days on Modified Baar’s Medium agar 790 

plates, after which single colonies were chosen, transferred to liquid media, and 791 

incubated for up to 3 weeks.  792 

Immunohistochemistry 793 

PLN, mLN, cardiac allografts, colon segment, and small bowel segment 794 

(duodenal-jejunal junction) were excised, washed in cold PBS, and flushed with 50-50 795 

PBS-OCT mixture (for intestine) before flash frozen in OCT (Sakura Finetek, Torrance, 796 

CA) in histology blocks on an isopentane bath over liquid nitrogen and then stored at -797 

80°C. LN cryosections were cut in triplicate at 6-7 μm for LNs, 10 μm for intestine and 798 

cardiac allografts using a Microm HM 550 cryostat (Thermo Fisher Scientific, Waltham, 799 

MA). Sections attached to slides were fixed with cold acetone/methanol (1:1) solution 800 
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and washed in PBS buffer (Lonza, Morristown, NJ). Slides were blocked with 10% 801 

donkey serum for 1 hour, washed with PBS, then primary antibodies and isotype 802 

controls (Supplementary Table 5) were added to slides for 1 hour in a humidified 803 

chamber. Sections were washed with PBS again thenincubated with secondary 804 

antibodies for 60 minutes. Slides were mounted with ProLong Gold Antifade Mountant 805 

(Thermo Fisher Scientific, Waltham, MA) with or without DAPI and coverslipped. Images 806 

were acquired using an Accu-Scope EXC-500 fluorescent microscope (Nikon, Melville, 807 

NY) and analyzed with Volocity image analysis software (PerkinElmer, Waltham, MA). 808 

The percentage positive staining area and mean fluorescent intensity were quantified 809 

and multiplied together based on at least 2 independent experiments with 3 mice/group, 810 

2-3 tissues/mouse, 3 sections/tissue, and 3–5 fields/section. For LN microarchitecture 811 

and Treg positioning, sections were stained for Foxp3, Lama4, and Lama5; cardiac 812 

allograft sections were stained for laminin α4 and laminin α5 , CD4, CD8, and Foxp3 813 

with DAPI counterstain, and the laminin α4:α5 ratio was quantified. 814 

Mice experiments 815 

Female C57BL/6 (H-2b) recipient mice and BALB/c (H-2d) cardiac donors, 8 to 14 816 

weeks of age, were purchased from The Jackson Laboratory (Bar Harbor, ME). All 817 

procedures involving mice were performed in accordance with the guidelines and 818 

regulations set by the Office of Animal Welfare Assurance of the University of Maryland 819 

School of Medicine, under the approved IACUC protocols AUP-00000766, 0518004, 820 

0715001, 0121001. The experimental cohorts were generated over several approval 821 

cycles; these identifiers therefore represent successive approved protocols and 822 

renewals in force for the respective cohorts, rather than multiple concurrent approvals 823 



39

for the same procedures. The study is reported in accordance with the ARRIVE 2.0 824 

guidelines. To standardize the gut microbial starting point and permit bacterial 825 

engraftment, recipients received broad-spectrum antibiotics ad libitum in drinking water 826 

from day -7 to day -1 before transplantation. Antibiotics were USP grade or 827 

pharmaceutical secondary standard (all from MilliporeSigma): kanamycin sulfate (0.4 828 

mg/ml), gentamicin sulfate (0.035 mg/ml), colistin sulfate (850 U/ml), metronidazole 829 

(0.215 mg/ml), and vancomycin hydrochloride (0.045 mg/ml), dissolved in vivarium 830 

drinking water. On day 0, recipients underwent fully allogeneic heterotopic (intra-831 

abdominal) cardiac transplantation of a BALB/c donor heart, with microsurgical 832 

anastomosis of the donor ascending aorta and pulmonary artery to the recipient 833 

infrarenal aorta and inferior vena cava, as previously described [26, 27]. Beginning on 834 

day 0, all recipients received daily tacrolimus (3 mg/kg/day, subcutaneously) for the 835 

duration of the experiment to model maintenance immunosuppression. Immediately 836 

before transplantation on day 0, recipients received a single oral gavage of Bifido (UMB-837 

MBP-01), Desulfo (ATCC27774), or an equal volume of sterile PBS (tacrolimus-only 838 

control, TAC).  839 

During cardiac transplantation, anesthesia was induced with Ketamine (80-150 840 

mg/kg) / Xylazine (8-15 mg/kg) IP; anesthetic depth was assessed bytoe pinch. 841 

Perioperative analgesia consisted of Buprenorphine (0.05-0.1mg/kg) IP or SC prior to 842 

surgery and every 8-12 hours for 3 days postoperatively. At study endpoints, mice were 843 

euthanized by carbon dioxide (CO2) narcosis at [chamber displacement rate], followed 844 

by cervical dislocation to confirm death. Fecal pellets were collected longitudinally from 845 

day 0 through day 40 (days 0, 3, 7, 14, 21, 28, and 40) into individual tubes using 846 
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aseptic technique and stored at -80 degrees C. At the early (day 3) and late (day 40) 847 

endpoints, mice were euthanized and mesenteric and peripheral (axillary, inguinal, 848 

cervical, and brachial) LNs, small and large intestine with luminal contents, serum, and 849 

cardiac allografts were harvested for downstream metagenomic, metabolomic, spatial-850 

transcriptomic, histologic, and immunofluorescence analyses. The bacterial-851 

supplementation experiment was performed in two independent cohorts under identical 852 

transplantation, antibiotic-conditioning, and tacrolimus conditions to assess 853 

reproducibility. Tacrolimus (USP grade, MilliporeSigma) was reconstituted in DMSO 854 

(USP grade, MilliporeSigma) at 20 mg/ml and diluted with absolute ethanol (USP grade, 855 

Decon Labs, King of Prussia, PA) to 1.5 mg/ml; the DMSO/ethanol stock was diluted 1:5 856 

in sterile PBS for subcutaneous injection at 10 ul/g (3 mg/kg/day). There were no 857 

exclusions of mice from analysis. 858 

Cardiac allograft histopathology and vascular scoring 859 

Cardiac allografts were harvested on day 3 and day 40, OCT-embedded, and 860 

sectioned. Interstitial fibrosis was assessed on Masson's trichrome-stained sections and 861 

graded using a semiquantitative fibrosis score. Allograft vascular injury was scored on 862 

the same sections using the standardized cardiac allograft rejection vascular (vasculitis) 863 

scoring system, based on the extent of perivascular and intravascular lymphocytic 864 

infiltration and vessel-wall damage [32]. Infiltration was graded on a scale of 0-4 with 0 865 

indicating no rejection, 1 indicating mild interstitial or perivascular infiltrate without 866 

necrosis, 2 indicating focal interstitial or perivascular infiltrate with necrosis, 3 indicating 867 

multifocal interstitial or perivascular infiltrate with necrosis, and 4 indicating widespread 868 

infiltrate with hemorrhage and/or vasculitis. Fibrosis was graded on a scale of 1-4 with 1 869 
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indicating minimal (<10% area), 2 indicating mild (10%-30% area), 3 indicating 870 

moderate (30%-50% area), and 4 indicating severe (>50% area). All sections were 871 

scored by an observer blinded to treatment group. 3 sections per cardiac allograft and 5 872 

fields per section were analyzed.  873 

Human-to-mouse fecal microbiota transfer  874 

To assess the translational relevance of donor microbial state, stool was 875 

obtained from individual cardiac-transplant recipients with CAV) or with stable graft 876 

function without CAV, and from a healthy donor. Collection and use of human stool 877 

were reviewed and approved by the University of Maryland, Baltimore Institutional 878 

Review Board in written document (IRB protocol HP-00084901) and was conducted in 879 

accordance with the principles of the Declaration of Helsinki. Written informed consent 880 

was obtained for all participants. Donor stool was processed under anaerobic conditions 881 

and resuspended to prepare the FMT inoculum. C57BL/6 recipient mice were 882 

conditioned with the broad-spectrum antibiotic cocktail described above from day -7 to -883 

1, followed by a washout period, and underwent fully allogeneic BALB/c cardiac 884 

transplantation on day 0. Recipients received human donor FMT by oral gavage 885 

immediately before transplantation and then weekly for 3 weeks (days 0, 7, 14, and 21) 886 

to promote sustained engraftment (CAV-FMT, n = 6 recipient mice; non-CAV-FMT, n = 887 

5; healthy-control FMT, n = 4). Fecal pellets were collected at days 0, 7, 28, and 60 for 888 

metagenomic profiling, and cardiac allografts and lymphoid tissues were harvested for 889 

histologic and immunofluorescence analysis as described above. 890 
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Metagenomic sequencing and microbiome analyses 891 

Harvested intestine tissues and luminal contents were stored immediately in 892 

DNA/RNA Shields (Zymo Research, Irvine, CA) to stabilize and protect the integrity of 893 

nucleic acids and minimize the need to immediately process or freeze specimens. The 894 

colon content from ~1cm colon tissue was used in DNA extraction. Metagenomic 895 

sequencing libraries were constructed from the same DNA using the Nextera XT Flex kit 896 

(Illumina) according to the manufacturer recommendations. Libraries were then pooled 897 

together in equimolar proportions and sequenced on a single Illumina NovaSeq 6000 898 

S2 flow cell at the Genomic Resource Center of the Institute for Genome Sciences at 899 

the University of Maryland School of Medicine. The same DNA extraction, library 900 

preparation, and sequencing procedures were applied to fecal samples from the 901 

bacterial-supplementation and human-FMT experiments. 902 

Metagenomic sequence reads were removed using BMTagger v3.101 33 using a 903 

Genome Reference Consortium Mouse Build 39 of strain C57BL/6J (GRCm39) 34. 904 

Sequence read pairs were removed even if only one of the reads matched to the mice 905 

genome reference. The Illumina adapter was trimmed, and quality assessment was 906 

performed using default parameters in fastp (v.0.21.0) 35. The taxonomic composition of 907 

the microbiomes was established using Kraken2 (v.2020.12) 36 and Braken (v. 2.5.0) 908 

37using the comprehensive mouse gut metagenome catalog (CMGM) 38 to calculate the 909 

metagenomic taxonomic composition. The Phyloseq (v.1.34.0) R package 39 was used 910 

to generate the diversity plot and barplot. Metagenomic reads were functionally profiled 911 

using HUMAnN v4.0.0.alpha.1 40. Reads not assigned through nucleotide alignment 912 

against the HUMAnN ChocoPhlAn reference were subjected to translated alignment 913 



43

against the HUMAnN v4-alpha EC-filtered UniRef90 database 914 

(uniref90_annotated_v4_alpha_ec_filtered) 41. Gene-family abundances were mapped 915 

to enzymatic reactions and MetaCyc pathways to estimate community metabolic 916 

potential. Unstratified pathway and reaction tables were used to visualize pathway 917 

abundance trajectories, while stratified HUMAnN tables were used only to identify 918 

taxonomic contributors to selected functions.  919 

Metabolome analyses 920 

Metabolome profiling is through the Primary Metabolism 400 panel for detection 921 

and absolute quantitation of >400 polar metabolites using ultra-performance liquid 922 

chromatography electrospray ionization-tandem mass spectrometry in multiple reactions 923 

monitoring (MRM) mode (UPLC-MRM MS) at University of Victoria Metabolomics 924 

Innovation Center. ~10-30 mg of stool and 50ul of serum was weighed at the time of 925 

collection and stored at -80°C until shipped to vendor on dry ice. QC procedures 926 

included standards, sample blanks and internal controls that were evenly spaced 927 

among the samples analyzed. To reduce the influence of measurement noise, rigorous 928 

data pretreatment was performed according to validated procedures 42 and are as 929 

previously described14, 25, 43. The normalization procedures were performed using the 930 

combination of log base 10 transformation and data scaling via mean-centered and unit-931 

variance scaled per metabolite. For each metabolite, group differences were assessed 932 

by one-way analysis of variance. Pairwise post hoc comparisons were performed using 933 

Tukey's honestly significant difference (HSD) test. To account for multiple hypothesis 934 

testing across all metabolites, raw ANOVA p-values were adjusted using the Benjamini-935 

Hochberg false discovery rate (FDR) procedure. Metabolites with FDR-adjusted p < 936 
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0.05 were considered significantly different across groups. Partial least squares 937 

discriminant analysis (PLS-DA) was performed using mixOmics44, with the first two 938 

components retained (ncomp = 2). The percentage of total variance explained by each 939 

component was extracted from the fitted model and reported on the corresponding 940 

biplot axes. Sample relationships were additionally visualized by hierarchical clustering 941 

and principal-component analysis, and longitudinal changes were modeled with group-942 

by-day linear models spanning the day-0 (post-antibiotic) baseline and the day-3 and 943 

day-40 post-gavage time points, as detailed under Statistical analysis.  944 

Spatial transcriptomics of ileal and colonic tissues using 10x Genomics  945 

Ileal and colonic tissues were collected at the indicated early (day 3) and late 946 

(day 40) post-transplant time points, embedded in OCT, snap-frozen, and stored at -80 947 

degrees C until sectioning.  Fresh-frozen tissue blocks were cryosectioned at 10 μm 948 

onto 10x Genomics Visium Spatial Gene Expression slides according to the 949 

manufacturer's fresh-frozen tissue preparation workflow, which is designed to preserve 950 

both tissue morphology and RNA integrity for downstream spatial transcriptomic 951 

profiling. Tissue sections were fixed, H&E-stained, and imaged before library 952 

preparation according to the manufacturer’s demonstrated protocols (CG000160, 953 

CG000239, and CG000240). Brightfield images were acquired using an Invitrogen 954 

EVOS M700 imaging system with Celleste software version 6.0. Each capture area was 955 

inspected to confirm tissue integrity, epithelial orientation, and adequate coverage of 956 

ileal or colonic mucosa. Spatial gene expression libraries were prepared using the 10x 957 

Genomics Visium Spatial Gene Expression workflow. Briefly, fixed and stained tissue 958 

sections were permeabilized to release polyadenylated mRNA, which was captured by 959 
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oligo-dT primers printed on spatially barcoded capture spots. Tissue permeabilization 960 

was optimized at 12 minutes for both colon and ileum based on the manufacturer’s 961 

Tissue Optimization protocol (CG000238). On-slide reverse transcription generated 962 

spatially indexed cDNA, followed by cDNA amplification, library construction, and 963 

sample indexing. Libraries were sequenced on an Illumina NovaSeq 6000 platform, 964 

targeting 50,000 read pairs per tissue-covered spot, in accordance with 10x Genomics 965 

guidance. 966 

Sequencing reads were processed using Space Ranger count v2.0.1 with the 967 

10x Genomics mouse reference transcriptome refdata-gex-mm10-2020-A. H&E images 968 

were aligned to the Visium capture areas, and gene expression matrices were 969 

generated for each tissue section. Samples from each intestinal site, ileum and colon, 970 

were then aggregated separately using Space Ranger aggr. For spatial analysis, ileal 971 

and colonic sections were analyzed independently. Visium spots were assigned to 972 

apical or basal epithelial compartments using k-means clustering with k=2, followed by 973 

visual inspection against tissue morphology to confirm layer assignment. Differential 974 

gene expression analysis was performed using DESeq2 to compare apical and basal 975 

epithelial regions between treatment groups and time points.  976 

Raw per-spot counts were extracted from the .cloupe files and summed per 977 

biological mouse by merging technical-replicate sections where the same mouse was 978 

sectioned onto two slides x compartment. Counts were CPM-normalized and log1p-979 

transformed. For PCA and clustering, genes with mean log-CPM > 1 were retained 980 

(9,912 of 32,287) and the top 2,000 most variable genes were used, z-scored per gene. 981 

For module scoring, 50 MSigDB hallmark gene sets 45 were scored per sample as the 982 
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mean per-gene z-score of each gene set's member genes present in the data. For each 983 

gene and each Hallmark module score, we fitted a linear model with compartment, 984 

tissue, and treatment group as categorical predictors. To estimate the relative 985 

contribution of each factor, we calculated the reduction in residual sum of squares 986 

attributable to that factor after accounting for the other two factors, equivalent to partial 987 

Type-II sums of squares for a main-effects model. The variance explained by each 988 

factor was then expressed as a percentage of the total model-attributable variance. 989 

STRING functional-association networks were generated for the significant genes within 990 

each selected module restricted to Mus musculus. Returned interactions were filtered 991 

using the STRING combined confidence score, retaining edges with score ≥0.4 for gene 992 

sets with more than eight genes and score ≥0.15 for smaller gene sets to avoid empty 993 

networks. Networks were constructed in networkx, with all queried genes retained as 994 

nodes, including unconnected genes.  995 

Statistical analysis 996 

Community structure was assessed by principal-coordinate analysis of Bray-997 

Curtis dissimilarities, with group and time effects tested by permutational multivariate 998 

analysis of variance (PERMANOVA; vegan::adonis2, model ~ group + day). Alpha 999 

diversity (Shannon index) was modeled with linear mixed-effects models including 1000 

group, scaled day, experiment, and a per-mouse random intercept (lme4/lmerTest). For 1001 

targeted longitudinal differential-abundance testing, taxon relative abundances were 1002 

arcsine-square-root transformed and fitted with linear mixed-effects models including 1003 

group, scaled day, and experiment as fixed effects and mouse as a random intercept, 1004 

with the PBS/tacrolimus-only group as the reference; multiple testing was controlled by 1005 



47

the Benjamini-Hochberg FDR within taxonomic rank and time phase. HUMAnN pathway 1006 

and reaction abundances were modeled with linear mixed-effects models (nlme::lme) 1007 

including day and experiment (and treatment group where applicable); pathways 1008 

reaching FDR < 0.10 in both cohorts were considered replicated, and a treatment-by-1009 

experiment interaction FDR < 0.20 was used to indicate experiment-specific effects. 1010 

Taxonomic contributions to selected functions were derived from stratified HUMAnN 1011 

output. For the metabolome, group differences at each time point were tested by one-1012 

way ANOVA with Tukey HSD post hoc comparisons and Benjamini-Hochberg FDR 1013 

correction, and temporal effects were assessed with longitudinal group-by-day linear 1014 

models spanning the shared day-0 (post-antibiotic) baseline and the day-3 and day-40 1015 

post-gavage time points. For spatial transcriptomics, per-mouse pseudobulk profiles 1016 

were compared with DESeq2, and 50 MSigDB Hallmark module scores were computed 1017 

per sample; the relative contributions of epithelial compartment, tissue type, and 1018 

treatment group to each gene and module score were estimated by variance partitioning 1019 

(partial type-II sums of squares). STRING functional-association networks were 1020 

constructed for significant module genes restricted to Mus musculus (species 10090), 1021 

retaining edges with a combined confidence score >= 0.4 (relaxed to >= 0.15 for gene 1022 

sets with <= 8 members) and visualized with networkx. Two-sided FDR-adjusted p < 1023 

0.05 was considered statistically significant unless otherwise specified.1024 
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Figure 1. Tacrolimus induces ordered taxonomic succession and coordinated remodeling of 
microbial functional potential after cardiac transplantation. (A) Longitudinal relative-abundance 
trajectories of major bacterial families in fecal metagenomes from cardiac-allograft recipients 
maintained on daily tacrolimus. Faceted plots show family-specific changes from day 0 to day 40. 
(B) Mean family-level trajectories. Points and lines show group means; error bars indicate 
variability among mice. (C) Longitudinal HUMAnN4 pathway and reaction profiles showing 
progressive depletion of D-lactate dehydrogenase, kynurenine 3-monooxygenase, polyamine 
biosynthesis I, hexitol fermentation to lactate/formate/acetate, NAD salvage to nicotinamide 
riboside, and tryptophan synthase activity. (D) Representative carbohydrate-processing pathways 
retained or enriched during the later Muribaculaceae-dominant phase. (E) Stratified taxonomic 
contributions to glycolysis III from glucose across the longitudinal time course. 

Figure 2. Chronic tacrolimus is associated with temporally staged intestinal and systemic 
metabolic remodeling after cardiac transplantation. Ileal intraluminal and serum metabolites 
profiled at day 0, after antibiotic conditioning but before transplantation and tacrolimus initiation, 
and at days 3 and 40 after cardiac transplantation under daily tacrolimus treatment. Partial least 
squares discriminant analysis (PLS-DA) of (A) ileal intraluminal and (B) serum metabolomes 
showing distinct time-dependent metabolic states. Samples colored by collection day; ellipses 
show group dispersion, and labeled vectors indicate representative metabolites contributing to 
separation along the first two components. Representative metabolites in (C) intraluminal stool, 
and (D) serum. Coordinated gut-systemic remodeling after cardiac transplantation in E) choline-
trimethylamine (TMA)-trimethylamine N-oxide (TMAO) pathway and F) PAA-PAGln pathways.  
Differences across time points assessed by one-way ANOVA with Tukey HSD post hoc pairwise 
comparisons and Benjamini-Hochberg correction across metabolites. Significant pairwise 
differences: P < 0.05, P < 0.01, P < 0.001, and P < 0.0001. Metabolic pathway schematics created 
with BioRender.com (https://BioRender.com/mj6r03n). 

Figure 3. Bifidobacterium pseudolongum (Bifido) redirects the tacrolimus-conditioned gut 
microbiome after cardiac transplantation. (A) Experimental design. Antibiotic-conditioned 
C57BL/6 mice underwent fully allogeneic cardiac transplantation and received daily tacrolimus 
together with oral gavage of Bifidobacterium pseudolongum subsp globosum (Bifido), 
Desulfovibrio desulfuricans (Desulfo), or PBS control (tacrolimus-only, TAC). Fecal samples 
collected longitudinally from day 0 through day 40. (B) Longitudinal Bray-Curtis principal 
coordinate trajectories of fecal microbial communities. (C) Principal component analysis of 
taxonomic profiles with selected genus-level vectors. Points colored by sampling day and 
enclosed by treatment-group. (D) Longitudinal relative abundance of Bifido and major 
Muribaculaceae genera. (E) Forest plot showing families and genera associated with 
Bifidobacterium abundance. Associations estimated using linear mixed-effects models adjusted 
for day, treatment group, and experiment and mouse as a random intercept. P values corrected 
within each taxonomic rank using the Benjamini–Hochberg method. Points denote -log10 
Benjamini-Hochberg FDR, horizontal lines indicate 95% confidence intervals, and only taxa with 
intervals not crossing zero displayed. Bifidobacterium excluded to avoid part-whole correlations.

Figure 4. Functional consequences of Bifido intervention under chronic tacrolimus exposure for 
two independent mouse cohorts HUMAnN4 pathway profiles. (A) Row-scaled heatmap of shared 
pathways defined by a pooled FDR < 0.10 and concordant Bifido versus control effect direction 
in both cohorts. Mean log-transformed pathway abundance calculated by treatment, cohort, and 
day; red and blue indicate relatively higher and lower abundance, respectively. (B) Adjusted 
Bifido-versus-PBS pathway effects from the mixed-effects model. Positive coefficients indicate 
higher abundance in Bifido-treated mice and negative coefficients indicate higher abundance in 
TAC controls; point size represents −log10 FDR. (C) Taxonomic attribution using stratified 
HUMAnN4 profiles. Bars show each contributor group's signed fraction of the absolute stratified 



pathway difference; positive and negative values indicate contributions to higher pathway 
abundance in Bifido and TAC controls, respectively. 

Figure 5. Bifido establishes a distinct luminal metabolic program under chronic tacrolimus 
treatment. PLS-DA biplots of FDR-significant stool metabolites at day 3 (A) and day 40 (B) after 
Bifido, Desulfo, or PBS control (TAC, tacrolimus-only) gavage. Points represent individual mice 
(n=3/group), ellipses indicate group enclosure, and vectors show metabolite loading direction and 
magnitude. Normalized abundance of (C) day-3 and (D) Day-40 discriminatory metabolites. 
Brackets indicate Tukey-adjusted pairwise comparisons. (E) Longitudinal trajectories of kynurenic 
acid and N-acetylspermine from the shared day-0 post-antibiotic baseline through days 3 and 40. 
Points and lines show group means ± SEM. P < 0.01, P < 0.001, and P < 0.0001. 

Figure 6. Spatial transcriptomics identifies Bifido-associated reprogramming of the early colonic 
apical metabolic response. Principal component analysis of mouse-level pseudobulk spatial 
transcriptomic profiles, colored by (A) epithelial compartment using PC1 and PC2 or (B) sampling 
time point using PC3 and PC4. (C) Representative Visium tissue sections showing spatial 
assignment of apical (red) and basal (blue) compartments based on transcriptomic clustering and 
tissue localization for both colon and ileum. (D) Gene-level differential-expression profiles for 
cholesterol homeostasis, peroxisome, bile acid metabolism, and reactive oxygen species (ROS) 
modules in the colonic apical compartment at day 3. For each module, rows show TAC versus 
Bifido (top) and TAC versus pretreatment baseline (bottom). Dot color indicates log2 fold change, 
with red denoting higher expression in TAC and blue lower expression in TAC; dot size represents 
−log10 Benjamini-Hochberg-adjusted P value.  

Figure 7. Bifido elicits spatially and program-specific intestinal transcriptional responses under 
chronic tacrolimus treatment. (A) Gene-level differential-expression profiles of TNFα signaling via 
NF-κB module and the TGF-β/BMP signaling module in the colonic apical compartment at day 3. 
(B) Antimicrobial-defense and IgA and plasma-cell secretory programs in the ileal apical 
compartment at day 40. (C) mTORC1-associated transcriptional program in the ileal basal 
compartment at day 40. For A-C, rows show TAC versus Bifido (top) and TAC versus pretreatment 
baseline (bottom). Dot color indicates log2 fold change, with red denoting higher expression in 
TAC and blue lower expression in TAC; dot size represents −log10 Benjamini-Hochberg-adjusted 
P value. STRING functional-association networks of (D) TGF-β signaling genes in the colonic 
apical compartment at day 3 and (E) mTORC1-associated genes in the ileal basal compartment 
at day 40. Each node split to show log2 fold change for TAC versus pretreatment baseline (left) 
and TAC versus Bifido (right); red indicates higher expression in TAC and blue lower expression 
in TAC. Node size reflects −log10 adjusted P value, and edge width reflects STRING association 
confidence. (F) Spatial distribution of the colonic contractile-remodeling module at day 40 across 
pretreatment baseline, TAC, and Bifido-treated tissues. Module scores highest near the 
muscularis boundary. (G) Spatial distribution of the IgA/plasma-cell secretory module across ileal 
tissue at day 40. Spatial maps show mean log1p(CP10K) module scores across Visium spots. 

Figure 8. Bifido mitigates graft vasculitis and preserves regulatory lymphoid and graft stromal 
organization during chronic tacrolimus treatment. (A) Representative histologic sections and 
scoring of cardiac allograft inflammation and fibrosis in TAC control, Bifido-, and Desulfo-treated 
mice at days 3 and 40. Fibrosis assessed on Masson's trichrome-stained sections. (B) 
Representative graft vessels and vascular injury scores assessed using the cardiac graft-rejection 
vascular grading system based on the severity and distribution of perivascular and intravascular 
lymphocytic infiltration and vessel-wall injury [4]. (C) Quantification of Foxp3⁺ Treg localization 
within cortical ridge (CR) and high endothelial venule (HEV) regions of mesenteric lymph nodes 
(mLNs) and peripheral lymph nodes (pLNs) at days 3 and 40. Representative staining shown in 
Supplemental Figure 15. (D) Intragraft stromal and immune remodeling assessed by the laminin 



α4:α5 ratio and quantification of CD4⁺, Foxp3⁺, and CD8⁺ T-cell infiltration at days 3 and 40. 
Approximately 10 fields evaluated per section, and scores averaged across fields for each 
section. Scale bar, 100 μm.  

Figure 9. Human CAV-associated microbiota promotes graft injury and lymphoid stromal 
remodeling and establishes distinct post-FMT microbial trajectories. (A) Experimental design. 
Antibiotic-conditioned cardiac allograft recipients received stool microbiota from cardiac 
transplant patients with and without CAV or a healthy donor, followed by four weekly FMT 
administrations and continuous immunosuppression. (B) Cardiac allograft fibrosis scores and 
quantification of intragraft CD4⁺ and CD8⁺ T-cell staining. (C) IHC for laminin α4:α5 ratios in CR 
and HEV regions of pLNs. Unpaired Student’s t tests. (D) Representative H&E- and Masson's 
trichrome-stained cardiac allograft sections. (E) Representative graft vessels showing 
perivascular and intravascular lymphocytic infiltration used for histologic assessment of graft 
vasculitis. Scale bars, 100 μm. (F) Longitudinal whole-community microbiome trajectories based 
on Bray–Curtis dissimilarity and principal-coordinate analysis. Lines connect repeated samples 
from the same mouse at days 0, 7, 28, and 60, with collection day indicated within each point. All 
groups showed pronounced early community displacement followed by distinct post-FMT 
trajectories and relatively similar late community states at days 28 and 60. (G) Longitudinal 
relative-abundance trajectories of CAG-873, Duncaniella, Muribaculaceae, and Bifidobacterium. 
Thin lines show individual mice; thick lines show group means and error bars indicate mean ± SE.  

Figure 10. CAV-associated microbiota establishes distinct functional states after human FMT. (A) 
Longitudinal trajectories of taxon-stratified microbial functional profiles derived from HUMAnN 
pathway-by-taxon contributions. Stratified features detected in at least 10% of samples retained, 
and the top 700 features by combined abundance and variance rank analyzed by Bray-Curtis 
principal-coordinate analysis. Points represent individual samples and lines connect group 
centroid trajectories across days 0, 7, 28, and 60. (B) Longitudinal heatmap of selected CAV- and 
non-CAV-associated microbial pathways. For each pathway, log10-transformed relative 
abundance z-scored across samples and averaged within each FMT group and time point. Upper 
block pathways enriched in the CAV-associated post-FMT state; lower block reciprocal pathways 
enriched in non-CAV or reduced in CAV. Red and blue indicate higher and lower row-scaled 
abundance, respectively. (C) Taxonomic attribution of selected discriminatory pathways using 
stratified HUMAnN profiles. Stacked bars show the post-FMT difference in pathway contribution 
between CAV-FMT recipients and the combined non-CAV/healthy-control groups, partitioned 
among major taxonomic contributors.  
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