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Transplant recipients require lifelong, multimodal immunosuppression to prevent rejection by
reducing alloreactive immunity. Rapamycin is known to modulate adaptive and innate immunity,
but its full mechanism remains incompletely understood. We investigated the understudied
effects of rapamycin on lymph node (LN) architecture, leukocyte trafficking, and gut microbiome
and metabolism after 3 (early), 7 (intermediate), and 30 (late) days of rapamycin treatment.
Rapamycin significantly reduced CD4" T cells, CD8" T cells, and Tregs in peripheral LNs, mesenteric
LNs, and spleen. Rapamycin induced early proinflammation transition to protolerogenic status by
modulating the LN laminin a4/a5 expression ratios (La4/La5) through LN stromal cells, laminin a5
expression, and adjustment of Treg numbers and distribution. Additionally, rapamycin shifted the
Bacteroides/ Firmicutes ratio and increased amino acid bioavailability in the gut lumen. These effects
were evident by 7 days and became most pronounced by 30 days in naive mice, with changes as
early as 3 days in allogeneic splenocyte-stimulated mice. These findings reveal what we believe to
be a novel mechanism of rapamycin action through time-dependent modulation of LN architecture
and gut microbiome, which orchestrates changes in immune cell trafficking, providing a framework
for understanding and optimizing immunosuppressive therapies.

Introduction

Prevention of solid organ transplant rejection requires the use of lifelong, multimodal immunosuppression
to dampen both adaptive and innate alloreactive immunity. One major mainstay is rapamycin (sirolimus),
a bacterial fermentation product recognized for its immunosuppressive and antiproliferative properties
through the inhibition of the mechanistic target of rapamycin (mTOR), a critical kinase in cell cycle reg-
ulation and immune response modulation (1, 2). The mTOR pathway is a key regulator of cellular metab-
olism and growth, influencing nutrient availability, growth factors, and stress responses. Rapamycin has
been shown to promote autophagy, delay cellular senescence, and act as an antiproliferative agent in certain
cancers (3, 4). The antiproliferative effects are beneficial in calcineurin inhibitor—free regimens, preserving
renal function and reducing the incidence of posttransplant cancers (5), although these same properties can
lead to side effects such as increased infection risk, impaired wound healing, and metabolic disturbances (6).
Despite its established role in mTOR inhibition, the effect of rapamycin on other immune populations and
its precise mode of action has not been fully investigated. Given its broad effect on immune landscape, it is
critical to understand its molecular mechanisms for optimizing its clinical use and enhancing longevity in
patients who have had solid organ transplants.

Rapamycin targets mTOR complex 1 (mMTORC1) and mTORC2 and blocks the activation and prolif-
eration of T and B cells in response to cytokine stimulation to exert immunosuppressive effects (3, 4, 7).
Rapamycin modulates various signaling pathways, promoting the maintenance of memory T cells and
improving their ability to respond to subsequent exposures to the same antigen (8, 9). It also preserves
and supports the maturation-resistance and tolerogenic properties of DCs. Rapamycin modulates innate
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immunity by promoting an antiinflammatory phenotype in DCs via enhanced mitochondrial metabolism
and increased IL-10 production (7). Recent studies demonstrate its ability to delay the onset of cellular
senescence and regulate metabolic pathways similar to caloric restriction, interventions known to extend
lifespan in various species (3). Rapamycin regulation of autophagy, a process required for maintaining
amino acid levels and protein synthesis during nitrogen starvation, can influence amino acid balance and
related cellular metabolism and immune responses (10).

Beyond their primary action on immune cell populations, immunosuppressants can also affect the gut
microbiome, thus influencing alloimmunity and graft survival (11-15). In this way, immunosuppressants
elicit secondary effects on both local and systemic immune responses, which can then influence allograft
outcomes (16-20). Recent work revealed a complex interplay between the commensal gut microbiome,
immunosuppressant therapies, and the host immune system (17, 21-24), highlighting that immunosuppres-
sant-induced changes in the gut microbiome, alongside the use of antimicrobials, can affect overall immune
homeostasis. Immunosuppressants primarily affect anaerobic bacteria, including Ruminococcaceae, Lachno-
spiraceae, Firmicutes, Bacteroides, and Clostridiales (25-27). Furthermore, immunosuppressants use has been
associated with an increase in colonization of uropathogenic E. coli and Enterococcus faecium (20, 28, 29).
Overall, the effect of immunosuppressants extends beyond direct effects on immune cells to include mod-
ulation of the gut microbiome. However, the precise alterations in microbiome composition and function
induced by rapamycin, along with their underlying mechanisms, remain to be elucidated.

In addition to multidirectional gut microbiome—-endothelium—-immune cell interactions, rapamy-
cin’s effect on other lymphoid organs, particularly lymph nodes (LNs), remains poorly understood. LN
structure relies on LN stromal cells (LNSCs) to regulate the position and interaction of lymphocytes
with antigen-presenting cells (APCs) via chemokines, cytokines, and stromal fibers (30-32). LNSCs,
which include fibroblastic reticular cells (FRCs), lymphatic endothelial cells (LECs), and blood endo-
thelial cells (BECs), form a critical infrastructure that supports immune cell trafficking and interac-
tions within the LN microenvironment. FRC-derived laminins play a crucial role in modulating global
immune states by balancing tolerance and immunity (33). Laminins, as extracellular matrix proteins,
influence the structural integrity of the LN and affect immune cell behavior (33). Laminin a4 is associ-
ated with a tolerogenic niche, while laminin a5 is linked to immunity and inflammation. An increased
La4/La5 correlates with tolerance, whereas a decreased ratio is associated with inflammation and
immunity (34, 35). For instance, depleting laminin a5 in LNSCs has been shown to promote a tolero-
genic environment, increasing Treg migration and accumulation in specific LN regions, thus contribut-
ing to immunosuppression (33, 36). Changes in LN architecture driven by laminins can be induced by
various factors, including the gut microbiota and alloimmunity (23). For example, the gut microbiota
can influence LN structure through microbial metabolites and immune signaling (23). Similarly, allo-
immunity can lead to structural changes in the LN, affecting immune tolerance and graft survival (37).
Additionally, ischemia reperfusion injury of the graft during transplantation can disrupt LN structure
and FRC function, leading to immunologic scarring (38, 39). Pathologic alterations to this cellular
network pose challenges for maintaining immune homeostasis and preventing chronic graft rejection.
Investigating rapamycin effects on LN architecture and LNSCs offers key insights into its immunosup-
pression mechanisms.

Treg positioning within the LNs is a pivotal factor in determining the balance between proinflamma-
tory and protolerogenic states in maintaining immune homeostasis. Tregs around the high endothelial
venules (HEV) limit the entry of proinflammatory effector T cells into the LNs (33), helping maintain a
tolerogenic environment by preventing excessive accumulation of proinflammatory cells. Tregs in the cor-
tical ridge (CR) suppress T cell priming by APCs, preventing effector T cell activation and differentiation
(40). A reduction of Tregs in the CR can result in enhanced T cell activation, promoting a proinflammatory
state (37, 41, 42). This spatial organization of immune regulation underscores the importance of maintain-
ing proper Treg positioning for effective immunosuppression and tolerance induction.

This study investigates the contribution of rapamycin to LN architecture, leukocyte trafficking, gut
microbiome, and the mechanisms underlying these changes. We examined microanatomic cell positioning
and interactions, as well as LN stromal fiber structure, building on our previous work that demonstrated
the importance of architectural and cellular changes within the LN cortex, including the CR and HEV,
in mediating immune tolerance and suppression (33, 36). We performed temporal characterization after
3 (early), 7 (intermediate), and 30 (late) days of treatment. We revealed dynamic, time-dependent effects
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of rapamycin on LN architecture and Treg localization, showing a transition from early proinflammatory
changes to a later protolerogenic environment. This transition was mediated by the modulation of the
La4/La5 in LNSCs via altering laminin o5 expression, with a higher La4/La5 indicative of a tolerogenic
environment. These observations were validated across naive, laminin a4 KO, laminin a5 KO, and alloge-
neic splenocyte-stimulated mice. Furthermore, rapamycin significantly altered gut microbiota composition,
intestinal Tregs, and metabolic functions. These effects were evident by 7 days but most pronounced by
30 days, emphasizing the incremental and dynamic effect of rapamycin. Our study reveals multifaceted,
time-dependent rapamycin effects on immune regulation via LN architecture and gut microbiome, offering
what we believe to be a new lens for optimizing long-term immunosuppressive therapies to enhance graft
survival and patient longevity.

Results

Rapamycin reduces lymphocytes in LNs and spleen. To investigate the immunological effects of rapamycin within
secondary lymphoid organs, C57BL/6 mice received rapamycin (5 mg/kg/day i.p.) (43) and were char-
acterized after 3 (early), 7 (intermediate), and 30 (late) days of treatment. We assessed cell populations in
peripheral LNs (pLNs), mesenteric LNs (mLNs), and spleen, focusing on CD4" and CD8* T lymphocytes
and Tregs via flow cytometry. Reductions in pLN weight and overall cell counts were observed at all 3 time
points, consistent with known rapamycin inhibitory effects on cell proliferation and metabolism (Supple-
mental Figure 1, A-D; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.186505DS1). Rapamycin reduced CD4* and CD8* T lymphocytes and Foxp3* Tregs at all time
points in the pLNs (Figure 1, A and D), demonstrating substantial and sustained immunomodulatory effects.
In the mLNs, rapamycin reduced CD4* and CD8" T lymphocytes and Foxp3* Tregs after 7 and 30 days but
not on day 3 (Figure 1, B and D). In the spleen, decreases in CD4"* T cells and Foxp3* Tregs were noted on
days 7 and 30, with decreased CD8" T cells only on day 7 (Figure 1, C and D). Rapamycin decreased the
Treg/non-Treg ratio in the spleen but not in LNs (Supplemental Figure 1, E-G), suggesting an uneven effect
on various T cell populations. Overall, these data demonstrate that rapamycin markedly reduced lympho-
cytes and Treg cell counts in LNs and spleen, and this is a manifestation of its immunosuppressive effect.
Notably, rapamycin showed more pronounced effects in mLNs and spleen at later time points, while earlier
changes were primarily observed in pLNs. This suggests that rapamycin immunomodulatory effects are both
time dependent and site specific.

Time-dependent effect of rapamycin on LN architecture and Treg distribution. The architecture and distribu-
tion of specific immune cells within the LN microenvironments, including the CR and HEVs, are key in
fostering immune tolerance and suppression (37). We conducted quantitative IHC of these LN domains to
characterize rapamycin spatiotemporal effects. Rapamycin rapidly induced early proinflammatory changes
by decreasing the La4/La5 in pLN HEVs by day 3. This extended to pLN CR by day 7 and diminished to
undetectable levels by day 30 (Figure 2, A and E, and Supplemental Figure 2, A and B), indicating an early
proinflammatory effect. In mLNs, rapamycin increased La4/La5 on day 30, with no changes on days 3 or
7 (Figure 2, B and F, and Supplemental Figure 2C), indicating a late protolerogenic effect.

Using IHC, in pLNs, rapamycin increased Foxp3* Tregs by day 30, especially in the CR, without alter-
ations at earlier time points (Figure 2, C and E, and Supplemental Figure 2D). Flow cytometry analysis
of total pLN Treg percentages corroborated these findings, demonstrating stable levels through days 3 and
7, followed by an increase at day 30 (Supplemental Figure 1H), indicating a late protolerogenic effect.
In mLNs, rapamycin reduced Foxp3* Tregs on day 3 but not at later time points (Figure 2, D and F, and
Supplemental Figure 2E). Analysis of total mLN Foxp3* Treg percentages revealed an increase by day 30
(Supplemental Figure 11), suggesting a temporal transition in rapamycin effects from early localized proin-
flammatory to later protolerogenic states. Overall, both pLNs and mLNs exhibited early proinflammatory
states, characterized by decreased La4/La5 or reduced Tregs followed by a late protolerogenic environ-
ment, marked by either increased La4/La5 or elevated Tregs. Notably, the data indicate that day 7 marked
a transition from proinflammatory to protolerogenic regulation by rapamycin.

Rapamycin increases laminin X5 and decreases La4/La5 in LNSCs. Given the effect of rapamycin on LN
architecture via La4/La5, we next sought to determine whether LNSC expression of laminin 04, laminin
a5, or both directly mediated these effects after 7 days treatment, given that this time point marked the
critical transition from proinflammation to protolerance. Flow cytometry was used to quantify laminin a4
and a5 levels in live CD45 LNSCs, including FRCs, BECs, and LECs. In pLNs, rapamycin upregulated
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Figure 1. Rapamycin elicits significant changes in immune cell populations in LNs and spleen. (A-C) Flow cytometry for the total number (CD45*
cells), CD4* T cells, CD8* T cells, and Foxp3* Tregs (Foxp3*CD4*) in pLN (A), mLN (B), and spleen (C) after 3, 7, and 30 days of rapamycin treatment.
(D) Heatmap depicts changes in cell numbers relative to the control for pLN, mLN, and spleen after rapamycin treatment versus no drug control; red
represents “increased,” white represents “unchanged,” and blue represents “decreased.” There were 5 mice/group. One-way ANOVA. *P< 0.05, **P<
0.01, ***P< 0.001, ****P < 0.0001.

laminin a5 in all groups with little influence on laminin 04, leading to decreased La4/La5 (Figure 3, A-G).
In mLNs, treatment with rapamycin similarly decreased the La4/La5 in LNSCs by upregulating laminin
a5 expression (Figure 3, H-M). Taken together, this cell type—specific analysis provided detailed insight
into how rapamycin modulates proinflammatory responses by selectively increasing laminin a5 expression
in LNSCs, hence decreasing La4/La5. The flow cytometry analysis revealed a subset-specific increase in
laminin a5 expression within LNSCs (Figure 3), with no notable changes in laminin a4 levels. By contrast,
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THC provided a broader architectural analysis of La4/La5 across all cell types and in specific regions
(Figure 2). This broader approach, which does not differentiate between cell types, reflects contributions
from both preexisting laminin expression along with laminin expression from nonstromal cells, diluting the
changes in laminin a5 observed in stromal subsets.

Laminin®5 is responsible for rapamycin-induced changes in LN architecture. Given the effect of rapamycin
on pLNs La4/La5 on day 7 and the important role of FRCs in laminin expression, we further employed
2 laminin-KO strains to assess if laminin 04 or a5 expression was mediated by FRCs. FRC-laminin
0a4-KO (FRC-La4-KO) mice (Pdgfrb-Cre*/~ x La4"") have the laminin a4 gene deleted in FRCs. At
baseline, these mice showed decreased laminin 04 levels in both pLNs and mLNs compared with WT
mice (Figure 4, A and D). Administration of rapamycin did not affect the expressions of laminin 04,
laminin a5, and the La4/La5 in pLNs of the FRC-La4-KO mice (Figure 4, A-C, and Supplemen-
tal Figure 3A). In mLNs, rapamycin increased laminin a5 around HEV without affecting laminin a4
in FRC-La4-KO, leading to a reduced La4/La5 (Figure 4, E and F, and Supplemental Figure 3B).
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Figure 3. Rapamycin increases laminin o5 and decreases the La4/La5 in LNSCs. (A) Flow gating of CD45" cells for FRCs (CD31-gp38*), BECs (CD31'gp38°),
and LECs (CD31*gp38*) for laminin a4 (La4) and laminin a5 (La5). (B-M) Mean fluorescence intensity (MFI) and flow plots show La4, La5, and La4/La5
ratios in: pLN (B-G), FRCs (B and C), LECs (D and E), BECs (F and G); mLN (H-M); FRCs (H and I); LECs () and K); and BECs (L and M). There were 3 mice/

group. Two-tailed ¢ test. *P < 0.05, **P< 0.01, ****P< 0.0001.

These results indicate that, even in the absence of FRC laminin a4, rapamycin can still upregulate lami-
nin o5 expression, suggesting that FRC-derived laminin a4 is not required to mediate the LN architec-
tural change under the influence of rapamycin.

FRC-La5-KO mice (Pdgfrb-Cre*’~ x La5"") have the laminin a5 gene deleted in FRCs. At baseline,
these mice showed decreased laminin a5 in both pLN and mLN compared with WT mice (Figure 4, G and
J). Administration of rapamycin did not affect the expression of laminin 04 or a5 in the pLN, resulting in
an unchanged La4/La5 in FRC-La5-KO mice (Figure 4, G-I, and Supplemental Figure 3A). In the mLN,
there was a differential increase in both laminin 04 and a5 (Figure 4, J and K), leading to a decrease in the
La4/La5 (Figure 4L and Supplemental Figure 3B). Since the laminin a5 gene is deleted in FRCs but not
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in other cells, the increased laminin a5 levels after rapamycin treatment suggest upregulation of laminin o5
expression by non-FRC cell types, such as LECs and BECs. Flow cytometry results (Figure 3) support this
conclusion. Overall, the results show that rapamycin differentially regulates laminin 04 and a5, altering LN
architecture. This effect is not exclusively mediated by FRC-derived laminin, as LECs and BECs also play
crucial roles in these rapamycin-induced changes.

Time-dependent effect of rapamycin on gut microbiota composition and metabolic capacity. We next investi-
gated rapamycin effects on the gut microbiome because of its critical role in interfacing with the immune
system. Whole-community metagenomic sequencing of intraluminal fecal contents was performed at a
sequencing depth of 41.1 + 14.5 (mean * SD) million reads after quality control steps per sample (Sup-
plemental Table 2A). Taxonomic composition was estimated using the comprehensive mouse microbiota
genome catalog (44) (Supplemental Table 2B). After rapamycin treatment, no significant differences in gut
microbiota diversity were observed at days 3 and 7 (Figure 5A). However, by day 30, there was a decrease
in community diversity (P < 0.05) and a shift in microbial composition and structure, characterized by
increased Bacteroides to Firmicutes relative abundance ratio (B/F ratio) (Supplemental Figure 4A). The B/F
ratio on day 3 was 0.29 * 0.26 (mean * SD), increased to 0.78 £ 0.53 on day 7, and reached 1.19 + 1.13
by day 30, indicating a sustained effect of rapamycin on the structure and composition of the gut microbi-
ota. Compared with the control group, no significant changes in taxonomic groups were observed on day
3. In Bacteroides, Duncaniella showed the most pronounced increase at day 7 and Muribaculum was most
increased at day 30, in response to rapamycin treatment (Supplemental Figure 4B). In Firmicutes, Lachno-
spiraceae, Lactobacillales, and Christensenellales showed the greatest decrease under rapamycin treatment at 30
days (Supplemental Figure 4C). Using differential abundance analyses, sporadic alterations were noted on
day 7 including Bacteroidale (i.e., Duncaniella sp., Muricubaculum intestinale) and Firmicutes (i.e., Eubacterium)
(Supplemental Figure 4D and Supplemental Table 2C). By day 30, there was an increase in Bacteroidales
(including Muribaculaceae, Bacteroides, Actinobacteria), and a decrease in Firmicutes (such as Lachnospirace-
ae, Oscillibacter, Lawsonibacter, Eubacterium) (Supplemental Figure 4E). These taxonomic groups drive the
observed changes in composition and structure of the gut microbiota at different times and between groups
(Figure 5B). These effects, starting at day 7 and most pronounced by day 30, highlight a sustained and
potent influence of rapamycin on the microbiome and correspond to the same time frame for changes in
LN immune architecture and content.

Functional pathway characterization revealed an increase in nucleotide biosynthesis and a reduction in
glycolysis and multiple sugar degradation metabolic pathways after 30 days of rapamycin treatment (Figure
5C) but not 3 or 7 days. Species-resolved functional pathway analysis revealed that the Muribaculaceae family
(Bacteroides) was enriched after long-term rapamycin treatment and harbored pathways involved in nucleo-
tide biosynthesis (Supplemental Figure 5A). However, B. thetaiotaomicron and a variety of Clostridiales taxa
(Firmicutes) that were relatively depleted after long-term rapamycin treatment harbored functional pathways
in amino acid biosynthesis (i.e., ornithine), branched and aromatic amino acid biosynthesis (horismate path-
way), glycolysis, and energy processing (Supplemental Figure 5B). These findings revealed a distinct shift
in the gut microbiome composition and function following rapamycin treatment, emphasizing rapamycin
effects beyond immunosuppression and a potential mechanism for its diverse therapeutic effect.

Rapamycin temporally shifts intestinal immune responses. To elucidate the reciprocal interactions between the
gut microbiome and host under rapamycin treatment, we analyzed the intestinal transcriptome. Days 7 and
30 were chosen as they corresponded to the major gut microbiota alterations following rapamycin treatment.
Differentially expressed genes (DEGs) were identified by comparing the rapamycin group to the no-treatment
control. A total of 69 and 234 upregulated DEGs were observed at days 7 and 30, respectively, and a total
of 168 and 84 downregulated DEGs were observed at days 7 and 30, respectively (Supplemental Table 3, A
and B). At day 7, 70.9% of DEGs were downregulated, while at day 30, 73.6% of DEGs were upregulated.
Analysis of differential expression patterns, visualized using an UpSet plot, revealed distinct temporal respons-
es to rapamycin treatment with minimal overlap between day 7 and day 30 (Supplemental Figure 6A). Of
all DEGs, only 32 genes (16 upregulated and 16 downregulated) showed consistent modulation at both time
points. Many changes were time point specific: 159 genes were uniquely regulated at day 7 (45 upregulated and
114 downregulated), while 121 genes were uniquely modulated at day 30 (82 upregulated and 39 downregu-
lated). The day 7 response primarily reflected suppression of inflammatory and innate immune pathways as
well as chromatin remodeling (Supplemental Table 3C). Downregulated genes included multiple immunoglob-
ulin families (Ighv, Igkv), immune defense genes (GTPases Igtp, ligp1, Irgm1, Irgm2), antimicrobial peptides
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Figure 4. Rapamycin regulates laminin o5 in FRC-La4-KO and FRC-La5-KO mice. IHC showing (A and H) laminin o4; (B and G) laminin 5; (C and 1)
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represents one field. One-way ANOVA. *P < 0.05, **P < 0.01, ***P< 0.001, ****P < 0.0001.

(Reg3b, Reg3g, Defa family), and inflammatory mediators (Ccl8, Ccl24, Cxcl9). Upregulated genes included
histone family members (H2bc, H4c), metabolic regulators (Scd2, Tmprss15), and immune modulators (Nos2,
Ubd). By day 30, the response shifted toward metabolic reprogramming and selective immune modulation.
Downregulated genes were involved in glucose metabolism (G6pc, Pck1), lipid metabolism (Srebfl, Cyp4al0),
and stress response. Upregulated genes included B cell-related genes (Cd19, Cd79a, Blk, Ms4al), MHC class
II pathway components (H2-Aa, Ciita), metabolic modulators (Cyp2c55, Slc10a2), and defense peptides (Defa
family). The small set of consistently regulated genes across both time points maintained aspects of B cell
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Figure 5. Rapamycin alters gut microbiome and metabolic potentials. (A-C) Gut microbiome characterization of rapamycin treated and no-treatment
control for within-community diversity by total number of taxa and Shannon diversity index (A); community B-diversity with PCA (B); and gut microbiome
functional pathway abundance in copies per million (CPM) difference between control and rapamycin groups (C). The height of the stacked bar represents
CPM of associated MetaCyc pathways contributed by different taxa in control (green) or rapamycin (red). There were 3-5 mice/group and 1 stool sample
collected/mouse/time point. (D) Intestinal IHC of Foxp3* Tregs after 3 days, 7 days, and 30 days of rapamycin treatment. There were 3 mice/group as a block,
1 piece of intestine, 2-3 sections/block on a slide, and 7-30 fields/slide. Each dot in the graph represents 1 field of view from the slide. One-way ANOVA. *P
< 0.05, **P< 0.01. (E) Hierarchical clustering heatmap of metabolites of rapamycin and control groups. Specimens were collected after rapamycin treatment
for 7 days, compared with no drug control. Top 50 features shown. Color bar indicates the scaled z score of each feature.
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regulation and antimicrobial defense. Consistently downregulated genes included immunoglobulin family
members (Ighv) and metabolic regulators, while consistently upregulated genes included B cell-related genes,
antimicrobial peptides (Defa family), and metabolic regulators. This temporal pattern suggests that rapamycin
induces distinct phases of intestinal adaptation, transitioning from broad immunosuppression at day 7 to more
targeted metabolic and immune regulatory programs by day 30.
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On the other hand, intestinal Foxp3* Treg expression was strongest at days 3 and 7 but was attenuated
by day 30 (Figure 5D and Supplemental Figure 7). The enriched upregulated immune pathways at both
days 7 and 30 include B cell regulation, activation, proliferation, antigen binding, and immunoglobulin-me-
diated immune responses (Supplemental Figure 6B). On day 7, there was unique enrichment in cellular
responses to interferon-A, -a, and -f, as well as cytokine-mediated signaling pathways. At day 30, unique
enrichment was observed in MHC class II protein complex binding, antigen processing and presentation,
mucosal immune responses, and tissue-specific immune responses. Other immune pathways demonstrated
a substantially stronger effect in most functional categories by day 30, such as immunoglobulin recep-
tor binding, production, and circulation; positive regulation of lymphocyte activation; and phagocytosis
(Supplemental Figure 6C). Overall, the transcriptional changes were substantial, marked by the number
of DEGs and enriched pathways. These results collectively indicate a temporal shift from suppression to
activation in both intestinal gene expression and the immune environment following rapamycin treatment.

Rapamycin reprograms amino acid metabolism in gut lumen. Given the alterations in the composition and
functional makeup of the gut microbiome, we next assessed whether this translated to functional changes
in metabolism through the gut luminal metabolome. Intraluminal stool was assessed using capillary elec-
trophoresis—mass spectrometry (CE/MS) (45—47). The 7-day time point was used as it represents the tran-
sitional phase between early and late alloimmune responses in both LNs and the intestine. A no-treatment
group served as control to provide a baseline for comparison. Luminal metabolites (n = 264) were exhaus-
tively annotated by PubChem (48), Kyoto Encyclopedia of Genes and Genomes (KEGG) (49), and Human
Metabolome Database (HMDB) (50) (Supplemental Table 4A). According to the KEGG BRITE hierarchi-
cal classification system, the most prevalent class of luminal metabolites was from amino acid metabolism,
comprising 42.7% of all annotated metabolites (Supplemental Table 4B). These metabolites belonged to
pathways of arginine and proline, histidine, tyrosine, and tryptophan metabolism. Other prevalent classes
included carbohydrates (11.5%), cofactors and vitamins (10.4%), nucleotides (10.4%), lipids (6.3%), other
amino acids (6.3%), and xenobiotic metabolism (5.2%). Distinct gut metabolic profiles were observed after
rapamycin treatment, with amino acids such as Asn, Phe, Arg, and Leu and metabolic derivatives differen-
tially abundant in rapamycin treatment group (Figure SE and Supplemental Figure 8, A and B). These results
suggest that rapamycin treatment either increased amino acid biosynthesis and/or reduced catabolism.

Rapamycin induces a rapid proinflammatory response and a gut microbiome shift during allogeneic stimulation.
‘We next employed a mouse model with allogeneic stimulation (Allo) to characterize the effect of rapamycin
on transplant-related alloimmune responses. Mice were injected with fully Allo (1 X 107 cells intravenously)
followed by rapamycin treatment for 3 days. Compared with no-treatment control, Allo alone induced a
proinflammatory shift by decreasing the La4/La5 in pLNs and mLNs (Figure 6, C and F, and Figure 7, E
and F), consistent with our previous findings (51). When Allo was combined with rapamycin (Rapa+Al-
lo), there was an increase in both laminin 04 and a5 compared with Allo alone. However, the increase in
laminin o5 exceeded that of laminin a4, resulting in decreased La4/La5 in both pLNs and mLNs (Figure
6, A-F, and I). This pattern aligns with findings from WT and KO mice treated with rapamycin without
allostimulation, as both models demonstrated early proinflammatory effect on day 3 (Figure 2 and Figure
4). Compared with no-treatment controls, Allo alone decreased Tregs in the pLN without affecting Tregs in
mLN (Figure 6, G-I). After 3 days of Rapa+Allo, compared with Allo alone, there was no change in Treg
distribution in pLNs, but Tregs were decreased in the mLNs (Figure 6, G-I), indicating a proinflammatory
state. These data demonstrate that rapamycin fosters an early proinflammatory LN environment in the
context of alloantigen-induced immune responses through altering La4/La5 and Treg distribution.

Rapa+Allo for 3 days led to significant changes in the gut microbiome, characterized by increased
microbial diversity and altered community composition and structure. In contrast, Allo alone showed no
notable differences compared with the untreated control (Figure 8, A and B, and Supplemental Table 5).
While the total number of microbial taxa remained unchanged, the Shannon diversity index increased in
the Rapa+Allo group (P < 0.05). This suggests that rapamycin, in the context of allostimulation, promotes
a more even distribution of microbial species without altering the overall number of distinct taxa. A marked
shift in microbiome composition was observed, accompanied by this increase in microbial diversity. The
B/F ratio decreased substantially in Rapa+Allo group (0.12 £ 0.10) compared with untreated controls
(0.45 = 0.22) or Allo alone (1.16 + 0.67), indicating a substantial restructuring of the microbial commu-
nity (Figure 8B and Supplemental Figure 9A). Allo alone increased the relative abundance of potentially
proinflammatory Muribaculaceae (i.e., Duncaniella and Paramuribaculum) within the Bacteroides phylum.

JCI Insight 2025;10(8):e186505 https://doi.org/10.1172/jci.insight.186505 10



. RESEARCH ARTICLE

However, the combination of Rapa+Allo led to a higher abundance of Firmicutes, including Lachnospira-
ceae, Butyricicoccaceae, and CAG-274 (Figure 8, C and D, and Supplemental Figure 9, B-D). These results
demonstrated the rapid, phylogenetic-aware effect of rapamycin under allostimulation where multiple taxa
within the same phylogenetic group swiftly shifted in a unified direction. While similar to observations in
naive mice under rapamycin treatment, the specific taxonomic groups affected differed. Furthermore, allo-
stimulation increased intestinal Foxp3* Tregs, an effect further enhanced by rapamycin treatment (Figure
8E) mirroring changes seen in naive mice. Collectively, these findings highlight rapamycin’s context-de-
pendent influence on the intestinal microenvironment, affecting both intestinal Treg populations and gut
microbiome during allostimulation.

A tissue-specific persistence of rapamycin-induced tolerogenic effects during allostimulation. Rapamycin treat-
ment demonstrated its most profound immunomodulatory effects by day 30, establishing a protolerogenic
environment characterized by increased Tregs in the pLN and mLN (Supplemental Figure 1, H and I,
and Figure 7D), as well as an increased La4/La5 in the mLN (Figure 7, F and I). To evaluate whether
this protolerogenic state persists under allostimulation, we conducted experiments comparing 4 groups:
untreated control mice, mice receiving 30 days of rapamycin alone (Rapa), mice receiving only allogeneic
stimulation with 1 x 107 BALB/c splenocytes i.v. (Allo), and mice receiving 30 days of rapamycin pretreat-
ment followed by allogeneic stimulation (Rapa+Allo). The durability of rapamycin effects showed distinct
tissue-specific patterns. In pLNs, the Rapa+Allo group reduced CD4* T cell percentages compared with
Allo alone (Figure 7, A and I), while other immune parameters remain largely unchanged (Figure 7, B-E,
and I). IHC showed reduced Treg distribution in the Rapa+Allo group (Figure 7, G and I), suggesting that
allostimulation partially overcame the rapamycin protolerogenic effect in pLN. This is supported by the
observation that Allo alone led to a proinflammatory shift by decreasing the La4/La5 and Treg distribution
in pLNs (Figure 6, C and I, and Figure 7, E and G). Together, these findings indicate a partially weakened
protolerogenic environment due to allostimulation.

In mLNs, the Rapa+Allo group maintained stronger immunoregulatory features. Rapa+Allo treat-
ment reduced the CD4" T cell percentage compared with Allo only (Figure 7, A and I), with no other
changes (Figure 7, B, C, F, and I). Notably, the Rapa+Allo group exhibited an increase in both the percent-
age and distribution of Tregs (Figure 7, D, H, and I). This preservation of Treg populations and positioning
indicates that the 30-day rapamycin pretreatment sustained protolerogenic regulation in mLNs despite allo-
stimulation. The spleen demonstrated the most robust maintenance of a rapamycin-induced protolerogenic
state. Rapa+Allo reduced CD4" and CD8" T cell percentages compared with Allo alone (Figure 7, A, B,
and I), maintained B cells percentages (Figure 7, C and I), and increased Treg percentages (Figure 7, D and
I). Together, these findings reveal that rapamycin established tissue-specific patterns of sustained immune
regulation, with the strongest maintenance of protolerogenic features in mLNs and spleen, while pLNs
show more susceptibility to allostimulation.

Discussion

This study was designed to reveal time-dependent and site-specific immunomodulatory effects of rapa-
mycin (Figure 9). The results demonstrated the dynamics of rapamycin influence on immune responses
and the gut microbiome, from the intestine to mLNs then pLNs, showing coordinated, multifaceted effect
across different anatomical sites and time points. Locally, in the intestine, rapamycin affected gut microbio-
ta, intestinal immune cell responses, and luminal metabolic activities, transitioning from an early protolero-
genic to a late proinflammatory state. Regionally, in the mLNs, rapamycin modulated immune responses
and LNSC function. The mLNs act as critical intermediaries, reflecting gut-originating changes that affect
regional immune responses, demonstrated by dynamic changes in La4/La5 and Treg distribution. Specifi-
cally, on day 3, the decrease in overall Tregs, conventional CD4* and CD8" T cells, and Tregs in HEVs and
CR suggests a complex immune environment showing both proinflammatory and protolerogenic charac-
teristics. The reduction in Tregs compromises the immune system regulatory capacity, potentially fostering
a proinflammatory state due to reduced suppression of effector T cells. Simultaneously, the reduction in
effector T cells mitigates the inflammatory response, which channels the environment toward a protolero-
genic state, especially in the absence of strong immune activation. This observation suggests that, without
additional proinflammatory stimuli, the LN environment on days 3 and 7 hovers between these 2 mixed
states, where inflammation is possible but not fully realized. By day 30, the increased overall percentage of
Tregs, coupled with an increase in the La4/La5, indicates a more defined protolerogenic shift after continu-
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Figure 6. Rapamycin triggers a rapid inflammatory immune response in mice immunized with allogeneic splenocytes. (A-C) IHC for pLN laminin 04
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ous rapamycin treatment. These findings highlight the temporal influence of rapamycin, transitioning from
an early mixed environment to later predominantly protolerogenic state in both mLNs and pLNs. These
findings indicated that rapamycin effects, initiated locally in the gut, rapidly propagated to regional and dis-
tant lymphoid tissues and affected overall immune homeostasis. The overlapping effects of rapamycin treat-
ment over time and space illustrate a compartmentalized yet coordinated immune response, emphasizing
the need to consider both targeted and broad effects when evaluating immunosuppressive therapies (52).
Rapamycin has well-documented immunosuppressive effects on both innate and adaptive immune
responses through the inhibition of mTOR signaling (3, 4). However, mechanisms underlying these
effects remain incompletely understood. Our previous research found that laminin a5 inhibits Tregs
(51). In this study, we demonstrated that rapamycin effects involve complex interactions between lym-
phoid architecture and immune cell regulation. Rapamycin facilitated a substantial transition between
proinflammatory and protolerogenic states by selectively increasing laminin a5 expression in LNSCs.
This finding was validated across naive, laminin a4-KO, laminin a$5-KO, and allogeneic splenocyte—stim-
ulated mice. The concurrent changes we observed in overall lymphocyte populations, Treg distribution,
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Figure 7. Rapamycin-induced protolerogenic modulation persists in tissue-specific patterns after allogeneic stimulation. Four groups include: untreated
B6 mice (control), mice receiving 30 days of rapamycin treatment (Rapa), mice receiving allogeneic stimulation alone with 1 x 107 BALB/c splenocytes i.v.
(Allo), or mice receiving 30 days of rapamycin pretreatment followed by allogeneic stimulation (Rapa+Allo). (A-D) Flow cytometry for percentages of CD4*
T cells (A), CD8* T cells (B), B cells (B220") (C), and Foxp3* Tregs (Foxp3*CD4*) (D) in pLN, mLN, and spleen. (E-H) IHC for La4/La5 in the CR and around HEV
in pLN (E) and mLN (F), and the distribution of Tregs in the CR and HEV in pLN (G) and mLN (H). There were 1-3 LNs/mouse, 3 mice/group, 2-3 sections/
LN group, and 7-30 fields/slide. Each dot in the graph represents 1 field. (I) Heatmap of marker expression changes comparing Rapa+Allo to Allo alone in
pLN, mLN, and spleen. Red indicates an increase, white indicates no change, blue indicates a decrease, and “X" denotes no data. One-way ANOVA: *P<
0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.

and lymphoid architecture suggest that rapamycin orchestrates a coordinated response involving both
structural and cellular components of immunity. Rapamycin’s influence on LNSCs likely represents a
key mechanism of its action, as LNSCs critically regulate lymphocyte positioning and interaction with
APCs via chemokines, cytokines, and stromal fibers (35, 53, 54). By altering LNSC function, rapamy-
cin may reshape the spatial organization and dynamics of immune cell interactions, thereby modulat-
ing overall immune responses. This multifaceted effect on structural and cellular aspects of immunity
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suggests that rapamycin immunomodulatory effects emerge from the integration of multiple mecha-
nisms rather than from isolated changes in a specific immune parameter.

Rapamycin regulation of LN architecture extended to include LECs and BECs. This broad effect on
the LNSC network further emphasizes rapamycin’s role in modulating LN function and structure. LECs
play a critical role in lymph drainage and immune cell trafficking, while BECs regulate the entry of circu-
lating lymphocytes into the LN. By modulating these cell types, rapamycin could be altering the trafficking
patterns and retention of various immune cell subsets within the LN, thereby influencing the initiation and
progression of immune responses. Overall, our results highlight its multifaceted mechanisms that act not
just on immune cells directly but also on the structural and functional elements of lymphoid organs. This
enhanced understanding may inform the analysis of immune mechanisms during the development of new
immunosuppressive drugs where precise immune modulation is crucial.

The effects of rapamycin on the gut microbiome were incremental and depended on the duration
of exposure. Over time, a temporal shift in intestinal responses and the immune environment was
observed, transitioning from suppression to activation following prolonged drug use. There is a grow-
ing body of research on rapamycin effects on gut microbiota. Hurez et al. demonstrated that chronic
rapamycin treatment altered gut microbiota composition, with notable shifts in Firmicutes and Bac-
teroidetes abundances that correlated with changes in gut immune cell populations (55). Recent work
showed that rapamycin ameliorated experimental colitis through modulation of gut microbiota, par-
ticularly by increasing beneficial bacteria like Lactobacillus reuteri and reducing potentially harmful
species (56). Similarly, chronic mTOR inhibition was shown to particularly affect energy metabolism
pathways in the gut microbiome (57). Our study complements these findings by demonstrating how
rapamycin progressively reshapes the gut microbial community, with early changes in specific taxa
(e.g., Duncaniella) followed by broader compositional shifts and metabolic reprogramming. Our find-
ings align with and extend the previous observations by providing a detailed temporal analysis of these
alterations, revealing that the most profound changes emerge after prolonged exposure. This time-de-
pendent pattern may explain some variations in previous studies that examined different treatment
durations. Our temporal analysis further reveals that these changes coincide with alterations in LN
architecture and immune cell trafficking, providing insight into the complex interplay between micro-
biota and immune regulation under immunosuppression.

One key change was the reprogramming of amino acid metabolism in the gut lumen. This was at least
partially due to alterations in the microbiome, specifically a few keystone species that may play a major role in
driving these metabolic modifications. Since amino acids are essential for mTORCI1 activation, their increased
bioavailability in the gut lumen may represent a potential mechanism by which rapamycin influences alloim-
mune responses. However, the causal relationship between rapamycin treatment, gut microbiome alterations,
and immune responses remains unclear. It is yet to be determined whether the observed changes in microbiota
composition and function are a direct result of rapamycin effects or an indirect consequence of rapamycin-in-
duced changes in immune and intestinal responses. Future experiments involving immune-deficient mice and
fecal microbiota transfer from rapamycin-treated subjects following varied treatment intervals are warranted.
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The accumulation of amino acids in the gut lumen during rapamycin-induced immunosuppression is a
complex phenomenon attributable to multiple interrelated factors. First, rapamycin inhibition of mTORC1
plays a critical role in regulating protein synthesis (7, 58), as mMTORC1 normally promotes translation ini-
tiation and protein synthesis through the activation of downstream targets like p70S6 Kinase I (S6K1) and
elF4E Binding Protein (4EBP), leading to an accumulation of amino acids that would otherwise be utilized
in protein synthesis. Second, mTORC1 inhibition induces autophagy, facilitating the breakdown of intracel-
lular components including proteins by lysosomal degradation, potentially increasing the pool of free amino
acids for cell survival (59). Third, rapamycin’s suppression of immune cell proliferation and activity further
contributes to amino acid accumulation by decreasing metabolic demand. We observed the reduction in
metabolic products like N1-acetylspermidine and the increase in arginine bioavailability, suggesting reduced
arginine catabolism due to rapamycin treatment. Fourth, rapamycin disruption of the gut microbiome alters
the availability of gut and circulatory amino acids, influencing host nutrient homeostasis and physiology
(60). Fifth, rapamycin also directly affects amino acid metabolism in the intestine by modulating synthesis,
utilization, and transport processes (61, 62). Further investigation into the metabolic effects of rapamycin
could inform targeted nutritional and supportive interventions to optimize rapamycin therapeutic efficacy.

Limitations of our study include that, while our 30-day analysis revealed temporal dynamics in rapa-
mycin effects, this timeframe may not fully capture the long-term changes relevant to transplant recipients
on lifelong immunosuppression. The microbiome, intestinal, and immune responses exhibited substantial
changes by day 30, but these alterations may continue to evolve over more extended periods, warranting
further investigation for clinical relevance. Additionally, our transcriptional analysis identified key DEGs in
intestinal responses, but these findings require validation at the translational and functional levels. Future
studies should confirm these genes using molecular techniques such as quantitative PCR (QPCR) and pro-
tein analysis, particularly in allostimulation models. Such validation would establish reliable molecular
signatures of rapamycin effects and identify potential biomarkers for monitoring treatment effect. We also
observed discrepancies between IHC and flow cytometry data, likely due to their methodological differenc-
es. IHC provides spatial resolution, enabling localized assessments of Tregs within specific areas, whereas
flow cytometry offers a quantitative measurement of overall Treg populations. These methods complement
each other, highlighting different aspects of Treg dynamics and distribution. Flow cytometry analysis of
gut-resident Tregs was hindered by low cell recovery from intestinal tissues, resulting in limited numbers
of Foxp3* Tregs (Supplemental Figure 10). However, IHC imaging (Supplemental Figure 7) and quantita-
tive measurements (Figure 5D) revealed that intestinal Foxp3* Treg expression increased with rapamycin
treatment on days 3 and 7 but showed no significant differences by day 30. Lastly, our findings on rapamy-
cin’s tissue-specific immune regulation during allostimulation suggest promising applications in transplan-
tation medicine. Optimizing clinical protocols requires further investigation of underlying mechanisms,
optimized timing, dosage, and duration of pretreatment, and requires evaluation of its long-term effects
on graft survival and immune tolerance. While this study characterizes rapamycin’s effects during primary
allostimulation, understanding its effects in sensitized environments represents a crucial next step for trans-
plant medicine. Future research should examine how sensitization affects rapamycin’s immunomodulato-
ry properties, including LN remodeling, immune cell trafficking, and microbiome changes. Of particular
interest is how sensitization status influences the gut microbiome, since emerging evidence demonstrates
important bidirectional interactions between immune memory and microbiota composition. For exam-
ple, memory T cells have been shown to regulate intestinal microbiota diversity (11), while specific gut
microbes can enhance or suppress memory T cell responses (63, 64). Understanding whether these micro-
biome changes are driven primarily by the memory immune response, the transplantation procedure itself,
or their combined effects will be crucial for optimizing treatment strategies. This knowledge could lead to
more effective therapeutic approaches for presensitized transplant recipients, who currently face increased
risks of rejection and poorer outcomes.

Methods
Sex as a biological variable. We only used female mice for the current set of experiments where we worked
with smaller # values, to ensure a high degree of homogeneity within our study groups.

Mouse experiments. Female C57BL/6 mice between 8 and 14 weeks of age were purchased from The
Jackson Laboratory and were maintained at the University of Maryland School of Medicine Veterinary
Resources animal facility. The Pdgfrb-Cre*’~ X La4" (36) and Pdgfrb-Cre*’~ x La5"" (33) conditional KO
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mice were previously developed in our laboratory. All mice were cohoused for a minimum of 2 weeks prior
to experiments to normalize microbiota. During this period, mice from different treatment groups were
housed in the same room and adjacent cages under identical conditions to ensure normalized environmental
exposure. At experimental day 0, the mice were randomly separated to different experimental groups and
then kept in separate cages to prevent cross exposure. To simulate allostimulation, mice received 1 X 107
fully allogeneic BALB/c splenocytes i.v. on day 0 and were treated with rapamycin daily thereafter. Rapamy-
cin (USP grade, MilliporeSigma) was reconstituted in DMSO (USP grade, MilliporeSigma) at 25 mg/mL.
DSMO stock was diluted in sterile PBS to 0.5 mg/mL for i.p. injection at 5 mg/kg/d, following protocols
from prior investigations (43, 65). All mice were cohoused and handled together during arrival in the animal
facility and for immunosuppressant administration so that the treatment groups were all exposed to each
other. On the day of harvest, the mice were euthanized by CO, narcosis, intraluminal stool samples were
collected for metabolomic analyses, cardiac puncture was utilized for blood collection, and mLNs, pLNs
(axillary, inguinal, and brachial, and cervical), and small intestine were harvested for immunological assays.

Flow cytometry. LNs and spleens were disaggregated and passed through 70 pm nylon mesh screens
(Thermo Fisher Scientific) to obtain single-cell suspensions. The digestion protocols for FRCs, LECs, and
BECs analysis in pLN and mLN were followed as outlined previously (66). The cell suspensions were
treated with anti-CD16/32 (clone 93, eBioscience) to block Fc receptors, were stained for 15 minutes at
4°C with antibodies targeting surface molecules (Supplemental Table 1), and were washed 2 times with
buffer (PBS with 0.5% w/v bovine serum albumin). Cells were permeabilized using Foxp3/Transcription
Factor Staining Buffer Set (eBioscience) according to the manufacturer’s protocol, washed with buffer, and
subsequently stained at 4°C with antibodies for intracellular molecules (Supplemental Table 1). Samples
were analyzed with an LSR Fortessa Cell Analyzer (BD Biosciences), and data were analyzed using Flow-
Jo software version 10.8.1 (BD Biosciences). Single-color controls (cells stained with single-surface marker
antibody) and unstained controls were used for flow channel compensation.

IHC. LNs and segments of intestine between the duodenum and jejunum were separately excised and
immediately submerged in OCT compound (Sakura Finetek). Sections (6 um for LNs, 10 um for intestine)
were cut in triplicate using a Microm HM 550 cryostat (Thermo Fisher Scientific) and fixed in cold 1:1 ace-
tone/methanol for 5 minutes and washed in PBS. Primary antibodies (Supplemental Table 1) were diluted
between 1:100 and 1:200 in PBST (PBS + 0.03% Triton-X-100 + 0.5% BSA) and incubated for 1 hour
in a humidified chamber. Sections were then washed with PBS, and secondary antibodies (Supplemental
Table 1) were applied at a 1:400 dilution in PBST for 1 hour. Slides were washed in PBS for 5 minutes,
coverslipped, and imaged using an Accu-Scope EXC-500 fluorescent microscope (Nikon), and the images
were analyzed with Volocity software (PerkinElmer). For each mouse, 1-2 mLNs, 2-3 pLNs, and 1 piece
of intestine were collected. All samples from each treatment group were combined and analyzed as a block,
2-3 sections/block were placed slides, and 7-30 fields/slide were analyzed. The average of mean fluores-
cence intensity (MFI) for each group was calculated by averaging the MFI values across all slides from all
mice, within demarcated regions of LNs and whole intestinal images. Percent area was calculated by divid-
ing the sum area of demarcated regions with marker fluorescence greater than a given threshold by the total
analyzed area. Treatment groups were compared using the percentage of area X MFI metric quantification,
which incorporte both area and intensity of cell and stromal fiber markers (24).

Stool specimen collection, DNA extraction, and metagenomic sequencing. Stool pellets were collected on days
0, 3, and then at weekly intervals and at termination of the experiment for temporal characterization. Intra-
luminal stools were collected from colon at harvest. They were stored immediately in DNA/RNA Shields
(Zymo Research) and archived at —80°C. DNA extraction was described previously (23, 67). In brief,
0.15-0.25 grams of stool samples were extracted using the Quick-DNA Fecal/Soil Microbe kit (Zymo
Research). Negative extraction controls were included to ensure that no exogenous DNA contaminated
the samples. Metagenomic sequencing libraries were constructed using the Nextera XT Flex Kit (Illumi-
na), according to the manufacturer’s recommendations. Libraries were then pooled together in equimolar
proportions and sequenced on a single Illumina NovaSeq 6000 S2 flow cell at Maryland Genomics at the
University of Maryland School of Medicine.

Gut microbiome analyses. Metagenomic sequence reads mapping to Genome Reference Consortium
Mouse Build 39 of strain C57BL/6J (GRCm39) were removed using BMTagger v3.101 (68). Sequence
read pairs were removed when 1 or both the read pairs matched the genome reference. The Illumina
adapter was trimmed and quality assessment was performed using default parameters in fastp (v.0.21.0).
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The taxonomic composition of the microbiomes was established using Kraken2 (v.2020.12) and Braken
(v. 2.5.0) using the comprehensive mouse microbiota genome catalog (44). Phyloseq R package (v1.38.0)
was used to generate the barplot and diversity index. Linear discriminant analysis (LDA) effect size
(LEfSe) analysis was used to identify fecal phylotypes that could explain the differences. The o value for
the nonparametric factorial Kruskal-Wallis (KW) rank-sum test was set at 0.05, and the threshold for the
logarithmic LDA model score for discriminative features was set at 2.0. An all-against-all BLAST search
was performed in the multiclass analysis. A phylogram illustrates the taxonomic hierarchy of identified
phylotype biomarkers, generated from pairwise group comparisons. The graph was produced using the
R package yingtools2 (69). Taxonomic ordination graphs were created with the microViz (v0.12.4). The
metagenomic dataset was mapped to the protein database UniRef90 to ensure the comprehensive cover-
age in functional annotation and was then summarized using HUMAnN3 (Human Microbiome Project
Unified Metabolic Analysis Network) (v0.11.2) to determine the presence, absence, and abundance of
metabolic pathways in a microbial community. MetaCyc pathway definitions and MinPath were used to
identify a parsimonious set of pathways summarized in HUMAnN3 in the microbial community. The
total pathway abundance was further stratified by contributing species in HUMAnN3. MaAsLin2 was
used to identify the association of the pathways with groups.

RNA isolation, transcriptome sequencing, and analyses of the intestinal tissues. The colon tissues of the mice
were dissected according to their anatomic features and stored immediately in RNAlater solution (QIAGEN)
in RNase-free 1.7 mL tubes (Denville Scientific) at —80°C to stabilize and protect the integrity of RNA. For
each sample, total RNA was extracted from approximately 1 cm of ileum. Prior to the extraction, 500 pL of
ice-cold RNase-free PBS was added to the sample. To remove the RNAlater, the mixture was centrifuged at
8,000¢ for 10 minutes, and the resulting pellet was resuspended in 500 L ice-cold RNase-free PBS with 10
uL of B-mercaptoethanol. A tissue suspension was obtained by bead beating procedure using the FastPrep
lysing matrix B protocol (MP Biomedicals) to homogenized tissues. RNA was extracted from the resulting
suspension using TRIzol Reagent (Invitrogen) following the manufacturer’s recommendations, and this was
followed by protein cleanup using Phasemaker tubes (Invitrogen) and precipitation of total nucleic acids using
isopropanol. RNA was resuspended in DEPC-treated DNase/RNase-free water. Residual DNA was purged
from total RNA extract by treating once with TURBO DNase (Ambion, AM1907) according to the manufac-
turer’s protocol. DNA removal was confirmed via PCR assay using 16S rRNA primer 27 F (5-AGAGTTT-
GATCCTGGCTCAG-3") and 534 R (5'-CATTACCGCGGCTGCTGG-3"). The quality of extracted RNA
was verified using the Agilent 2100 Expert Bioanalyzer using the RNA 1000 Nano kit (Agilent Technologies).
Ribosomal RNA depletion and library construction were performed using the RiboZero Plus kit and TruSeq
stranded mRNA library preparation kit (Illumina) according to the manufacturer’s recommendations. Librar-
ies were then pooled together in equimolar proportions and sequenced on a single Illumina NovaSeq 6000
S2 flow cell at the Genomic Resource Center (Institute for Genome Sciences, University of Maryland School
of Medicine) using the 150 bp paired-end protocol. An average of 87-130 million reads were obtained for
each sample. The quality of FASTQ files was evaluated by using FastQC (70). Reads were aligned to the
mouse genome (Mus_musculus. GRCm39) using HiSat (version HISAT2-2.0.4), and the number of reads
that aligned to the coding regions was determined using HTSeq (71). Significant differential expression was
assessed using DEseq2 with an FDR value < 0.05 and fold change (FC) > 2. The overrepresentative analysis
was done by importing DEGs against GO ontologies using the enrichGO function of clusterProfile Biocon-
ductor package (72). Only the ontology terms with ¢ < 0.05 were used for plotting.

Metabolome analyses. Metabolome of intraluminal stool samples collected from ileum was measured
using CE/MS to obtain a comprehensive quantitative survey of metabolites (Human Metabolome Technol-
ogies). Approximately 10-30 mg of stool was weighed at the time of collection using a company-provided
vial and archived at —80°C at the Institute for Genome Sciences at University of Maryland (IGS) until
shipped to the Human Metabolome Technologies America (HMT) on dry ice. Quality control procedures
included standards, sample blanks, and internal controls that were evenly spaced among the samples ana-
lyzed. Compound identification was performed using a capillary electrophoresis mass spectrometry (CE/
MS) library of > 1,600 annotated molecules. Log,, transformation was applied on data to reduce the influ-
ence of measurement noise. Metabolites were annotated using PubChem (48), KEGG (49), and HMDB (50)
annotation frameworks that leverage cataloged chemical compounds, known metabolic characterization,
and functional hierarchy (i.e., reaction, modules, pathways). The PLS-DA (sparse PLS-DA [sPLS-DA]) algo-
rithm implemented using mixOmics (vers. 6.18.1) was employed to analyze the large dimensional datasets
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that have more variables (metabolites) than samples (P >> ) to produce robust and easy-to-interpret models
(73). The volcano plot combines results from FC analysis to show significantly increased metabolites after
7-day tacrolimus treatment. A metabolite is shown if FC is > 2 and P < 0.05 based on 2-tailed  tests. Origi-
nal metabolite measurements without normalization were used in the FC analysis.

Statistics. The experiments were performed in 3 separate trials, with each trial containing at least 3
samples.

Datasets were analyzed using GraphPad Prism 10.2.3. For comparisons of fluorescence markers,
immune cell population distribution by flow cytometry, and IHC markers, 2-tailed ¢ tests or 1-way ANOVA
were used to test for significance defined as P < 0.05.

Study approval. All procedures involving mice were performed in accordance with the guidelines and
regulations set by the Office of Animal Welfare Assurance of the University of Maryland School of Medi-
cine under the approved IACUC protocol nos. 05150001, 0318002, 1220001, and AUP-00000397.

Data availability. The data that support the findings of this study are openly available; metagenome
sequences were submitted to GenBank under BioProject PRINA809764 (https://www.ncbi.nlm.nih.gov/
bioproject/PRINA809764) with the SRA study ID SRP361281. The R codes, including each step and
parameters, were deposited in GitHub at https://github.com/igsbma/rapamycin.git. RNA-Seq data were
deposited in the NCBI Gene Expression Omnibus database (accession no. GSE288851). The preprint asso-
ciated with this study is available at https://www.biorxiv.org/content/10.1101/2024.10.01.616121v1.

Qualitative heatmaps were generated (GraphPad prism) to express changes in marker expression lev-
el relative to control using 1 to represent “increased,” 0 to represent “unchanged,” and —1 to represent
“decreased.” All raw data can be found in the Supporting Data Values file.

Author contributions

LW, BM, and JSB designed the experiments. LW, AK, SJG, RL, DK, LL, VS, WP, and MWS conducted
and analyzed the in vitro and in vivo experiments. HWL performed nucleic acid extraction and sequencing
library preparation. BM and YS performed the bioinformatics analyses. BM, LW, MTF, SJG, VRM, and
JSB wrote the manuscript. BM and JSB are cocorresponding authors for this manuscript.

Acknowledgments

This study was supported by 1IR01HL148672 (JSB, BM), 1R01AI114496 (JSB), U01AI170050 (JSB, BM,
VM), training grant T32A195190-10 (SJG), and the University of Maryland Baltimore, Institute for Clini-
cal & Translational Research (ICTR) (1UL1TR003098).

Address correspondence to: Jonathan S. Bromberg, 22 S. Greene Street, S§B06, Baltimore, Maryland, 21201,
USA. Phone: 410.328.0008; Email: jobromberg@som.umaryland.edu. Or to: Bing Ma, 670 West Baltimore
St., Baltimore, Maryland, 21201, USA. Phone: 410.706.8365; Email: bma@som.umaryland.edu.

Ju—

Sehgal SN, et al. Rapamycin (AY-22,989), a new antifungal antibiotic. II. Fermentation, isolation and characterization. J Anti-

biot (Tokyo). 1975;28(10):727-732.

Mannick JB, Lamming DW. Targeting the biology of aging with mTOR inhibitors. Nat Aging. 2023;3(6):642—-660.

LiJ, et al. Rapamycin: one drug, many effects. Cell Metab. 2014;19(3):373-379.

Thomson AW, et al. Immunoregulatory functions of mTOR inhibition. Nat Rev Immunol. 2009;9(5):324-337.

Stallone G, et al. Sirolimus for Kaposi’s sarcoma in renal-transplant recipients. N Engl J Med. 2005;352(13):1317-1323.

Shrestha BM. Simultaneous pancreas and kidney transplantation for end-stage renal failure secondary to diabetic nephropathy:

principles and practice. JNMA J Nepal Med Assoc. 2006;45(163):323-330.

Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease. Ce/l. 2017;169(2):361-371.

Niu H, et al. Rapamycin improves the long-term T-cell memory and protective efficacy of tuberculosis subunit vaccine. Microb

Pathog. 2024;190:106631.

. Xie A, et al. T follicular helper and memory cell responses and the mTOR pathway in murine heart transplantation. J Heart
Lung Transplant. 2020;39(2):134-144.

10. Onodera J, Ohsumi Y. Autophagy is required for maintenance of amino acid levels and protein synthesis under nitrogen starva-

tion. J Biol Chem. 2005;280(36):31582-31586.

11. Lei YM, et al. The composition of the microbiota modulates allograft rejection. J Clin Invest. 2016;126(7):2736-2744.

12. Hossain MS, et al. Flagellin, a TLR5 agonist, reduces graft-versus-host disease in allogeneic hematopoietic stem cell transplanta-

tion recipients while enhancing antiviral immunity. J Immunol. 2011;187(10):5130-5140.

oUW

%o N

el

IS8

13. Jenq RR, et al. Regulation of intestinal inflammation by microbiota following allogeneic bone marrow transplantation. J Exp
Med. 2012;209(5):903-911.

JCI Insight 2025;10(8):e186505 https://doi.org/10.1172/jci.insight.186505 19



14.

16.

19.

20.

2

—_

2

w

24.

25.
26.

217.

28.

29.

3

(=}

3

—

32.

33.
34.
35.
36.

37.

3

oo

39.

40.

4
4

N =

43.

44.

45.

46.

47.

48.
49.

5

f=}

51.

RESEARCH ARTICLE

Oh PL, et al. Characterization of the ileal microbiota in rejecting and nonrejecting recipients of small bowel transplants. Am J
Transplant. 2012;12(3):753-762.

. Willner DL, et al. Reestablishment of recipient-associated microbiota in the lung allograft is linked to reduced risk of bronchiol-

itis obliterans syndrome. Am J Respir Crit Care Med. 2013;187(6):640—647.
Gabarre P, et al. Immunosuppressive therapy after solid organ transplantation and the gut microbiota: Bidirectional interactions
with clinical consequences. Am J Transplant. 2022;22(4):1014-1030.

. Gibson CM, et al. The alteration of the gut microbiome by immunosuppressive agents used in solid organ transplantation.

Transpl Infect Dis. 2021;23(1):e13397.

. Zhang Z, et al. Immunosuppressive effect of the gut microbiome altered by high-dose tacrolimus in mice. Am J Transplant.

2018;18(7):1646-1656.

Bhat M, et al. Impact of immunosuppression on the metagenomic composition of the intestinal microbiome: a systems biology
approach to post-transplant diabetes. Sci Rep. 2017;7(1):10277.

Tourret J, et al. Immunosuppressive treatment alters secretion of ileal antimicrobial peptides and gut microbiota, and favors sub-
sequent colonization by uropathogenic Escherichia coli. Transplantation. 2017;101(1):74-82.

. Pirozzolo I, et al. Influence of the microbiome on solid organ transplant survival. J Heart Lung Transplant. 2021;40(8):745-753.
22.

Gabarre P, et al. Immunosuppressive therapy after solid organ transplantation and the gut microbiota: Bidirectional interactions
with clinical consequences. Am J Transplant. 2021;22(4):1014-1030.

. Bromberg JS, et al. Gut microbiota-dependent modulation of innate immunity and lymph node remodeling affects cardiac

allograft outcomes. JCI Insight. 2018;3(19):e121045.

Gavzy SJ, et al. Early immunomodulatory program triggered by protolerogenic bifidobacterium pseudolongum drives cardiac
transplant outcomes. Transplantation. 2024;108(7):e91-e105.

Lee JR, et al. Gut microbiota and tacrolimus dosing in kidney transplantation. PLoS One. 2015;10(3):e0122399.

Lee JR, et al. Gut microbial community structure and complications after kidney transplantation: a pilot study. Transplantation.
2014;98(7):697-705.

Jiang JW, et al. Optimal immunosuppressor induces stable gut microbiota after liver transplantation. World J Gastroenterol.
2018;24(34):3871-3883.

Bajaj JS, et al. Liver transplant modulates gut microbial dysbiosis and cognitive function in cirrhosis. Liver Transpl.
2017;23(7):907-914.

Bucheli E, et al. Impact of enterococcal colonization and infection in solid organ transplantation recipients from the Swiss
transplant cohort study. Transpl Infect Dis. 2014;16(1):26-36.

. Mueller SN, et al. Regulation of homeostatic chemokine expression and cell trafficking during immune responses. Science.

2007;317(5838):670-674.

. Lukacs-Kornek V, et al. Regulated release of nitric oxide by nonhematopoietic stroma controls expansion of the activated T cell

pool in lymph nodes. Nat Immunol. 2011;12(11):1096-1104.

Nadafi R, et al. Lymph node stromal cells generate Antigen-specific regulatory T cells and control autoreactive T and B cell
responses. Cell Rep. 2020;30(12):4110-4123.

LiL, et al. The lymph node stromal laminin a5 shapes alloimmunity. J Clin Invest. 2020;130(5):2602-2619.

Saxena V, et al. Role of lymph node stroma and microenvironment in T cell tolerance. Immunol Rev. 2019;292(1):9-23.

LiL, et al. Lymph node fibroblastic reticular cells steer immune responses. Trends Immunol. 2021;42(8):723-734.

LiL, et al. Lymph node fibroblastic reticular cells preserve a tolerogenic niche in allograft transplantation through laminin o4.
J Clin Invest. 2022;132(13):e156994.

‘Warren KJ, et al. Laminins affect T cell trafficking and allograft fate. J Clin Invest. 2014;124(5):2204-2218.

. Maarouf OH, et al. Repetitive ischemic injuries to the kidneys result in lymph node fibrosis and impaired healing. JCI Insight.

2018;3(13):e120546.

Mongodin EF, et al. Chronic rejection as a persisting phantom menace in organ transplantation: a new hope in the microbiota?
Curr Opin Organ Transplant. 2021;26(6):567-581.

Scott EN, et al. Regulatory T cells: barriers of immune infiltration into the tumor microenvironment. Front Immunol.
2021;12:702726.

.Lu J, et al. Regulatory T cells induce transplant immune tolerance. Transpl Immunol. 2021;67:101411.
. Anggelia MR, et al. Unraveling the crucial roles of FoxP3* regulatory T cells in vascularized composite allograft tolerance

induction and maintenance. Transplantation. 2021;105(6):1238-1249.

Matsubara S, et al. mTOR plays critical roles in pancreatic cancer stem cells through specific and stemness-related functions. Sci
Rep. 2013;3:3230.

Kieser S, et al. Comprehensive mouse microbiota genome catalog reveals major difference to its human counterpart. PLoS Com-
put Biol. 2022;18(3):e1009947.

Matsumoto M, et al. Antipruritic effects of the probiotic strain LKM512 in adults with atopic dermatitis. Ann Allergy Asthma
Immunol. 2014;113(2):209-216.

Sugahara H, et al. Differences between live and heat-killed bifidobacteria in the regulation of immune function and the intesti-
nal environment. Benef Microbes. 2017;8(3):463-472.

Kawamura N, et al. Plasma metabolome analysis of patients with major depressive disorder. Psychiatry Clin Neurosci.
2018;72(5):349-361.

Kim S, et al. PubChem in 2021: new data content and improved web interfaces. Nucleic Acids Res. 2021;49(d1):D1388-D1395.
Hattori M, et al. SIMCOMP/SUBCOMP: chemical structure search servers for network analyses. Nucleic Acids Res.
2010;38(web server issue):W652-W656.

. Wishart DS, et al. The 2018 Nucleic Acids Research database issue and the online molecular biology database collection. Nucle-

ic Acids Res. 2018;46(d1):D1-D7.
Simon T, et al. Differential regulation of T-cell immunity and tolerance by stromal laminin expressed in the lymph node. Trans-
plantation. 2019;103(10):2075-2089.

JCI Insight 2025;10(8):e186505 https://doi.org/10.1172/jci.insight.186505 20



52.

53.

54.

55.

56.

57.

58.
59.

60

61.

62.

63.
64.

65.

66.

67.

68.

69.
70.

7

—

RESEARCH ARTICLE

Ando S, et al. mTOR regulates T cell exhaustion and PD-1-targeted immunotherapy response during chronic viral infection. J
Clin Invest. 2023;133(2):e160025.

Zhao J, et al. Delivery of costimulatory blockade to lymph nodes promotes transplant acceptance in mice. J Clin Invest.
2022;132(24):159672.

LiL, et al. FRC transplantation restores lymph node conduit defects in laminin a4-deficient mice. JCI Insight.
2023;8(8):e167816.

Hurez V, et al. Chronic mTOR inhibition in mice with rapamycin alters T, B, myeloid, and innate lymphoid cells and gut flora
and prolongs life of immune-deficient mice. Aging Cell. 2015;14(6):945-956.

Guo X, et al. Rapamycin extenuates experimental colitis by modulating the gut microbiota. J Gastroenterol Hepatol.
2023;38(12):2130-2141.

Jung MJ, et al. Chronic repression of mTOR complex 2 induces changes in the gut microbiota of diet-induced obese mice. Sci
Rep. 2016;6:30887.

Sancak Y, et al. The Rag GTPases bind raptor and mediate amino acid signaling to mTORC1. Science. 2008;320(5882):1496-1501.
Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell. 2008;132(1):27-42.

. Li TT, et al. Microbiota metabolism of intestinal amino acids impacts host nutrient homeostasis and physiology. Cel/ Host

Microbe. 2024;32(5):661-675.

‘Wang B, et al. Comparative metabolic profiling reveals the key role of amino acids metabolism in the rapamycin overproduction
by Streptomyces hygroscopicus. J Ind Microbiol Biotechnol. 2015;42(6):949-963.

Ren M, et al. Target of rapamycin signaling regulates metabolism, growth, and life span in Arabidopsis. Plant Cell.
2012;24(12):4850-4874.

Honda K, Littman DR. The microbiota in adaptive immune homeostasis and disease. Nature. 2016;535(7610):75-84.

Guo Y, et al. Vendor-specific microbiome controls both acute and chronic murine lung allograft rejection by altering CD4*
Foxp3* regulatory T cell levels. Am J Transplant. 2019;19(10):2705-2718.

Guba M, et al. Dosing of rapamycin is critical to achieve an optimal antiangiogenic effect against cancer. Transpl Int.
2005;18(1):89-94.

Fletcher AL, et al. Reproducible isolation of lymph node stromal cells reveals site-dependent differences in fibroblastic reticular
cells. Front Immunol. 2011;2:35.

Ma B, et al. Strain-specific alterations in gut microbiome and host immune responses elicited by tolerogenic Bifidobacterium
pseudolongum. Sci Rep. 2023;13(1):1023.

BMTagger aka Best Match Tagger is for removing human reads from metagenomics datasets. Version 3.101. 2020. https://anaconda.org/
bioconda/bmtagger

Taur Y. yingtools2 package. Version v0.0.1.174. https://github.com/ying14/yingtools2. 2023.

Andrews S. FastQC: A Quality Control Tool for High Throughput Sequence Data. Version 0.12.0. http://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/.

. Anders S, et al. HTSeq--a Python framework to work with high-throughput sequencing data. Bioinformatics. 2015;31(2):166—-169.
72.
73.

G. clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS. 2012;16(5):284-287.
Le Cao KA, et al. Sparse PLS discriminant analysis: biologically relevant feature selection and graphical displays for multiclass
problems. BMC Bioinformatics. 2011;12:253.

JCI Insight 2025;10(8):e186505 https://doi.org/10.1172/jci.insight.186505 21



