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Abstract

Background: One-carbon metabolism supports the activation, proliferation, and
function of multiple immune cells. However, researchers have not clearly determined
whether and how one-carbon metabolic enzymes contribute to heart transplant
rejection.

Methods: We investigated the dynamic metabolic adaptation in grafts during heart
transplant rejection by conducting transcriptomics, metabolomics and single-cell
RNA sequencing studies of cardiac tissue from human and mouse heart transplant
recipients. We also assessed the expression of the one-carbon metabolic enzyme
MTHFD?2 in cardiac grafts by immunofluorescence and flow cytometry assays. Then
we constructed a murine heart transplant model with T cell-specific Mthfd2 knockout
mice, analyzed T cells function by flow cytometry assays and enzyme-linked
immunospot assays, and studied the mechanism by Cleavage Under Targets and
Tagmentation assays. Finally, we studied the effect of a pharmacological inhibitor of
MTHFD?2 in humanized skin transplant model.

Results: We revealed that the one-carbon metabolism enzyme MTHFD2 was a
hallmark of alloreactive T cells and was linked to T cell proliferation and function
after exposure to alloantigen. And, Mthfd2 ablation prevented murine heart transplant
rejection. Mechanistically, we found Mthfd2 ablation affected the IRF4/PD-1 pathway
through a metabolic-epigenetic mechanism involving H3K4me3. Furthermore, we
found that inhibiting MTHFD?2 attenuated human allograft rejection in a humanized
skin transplant model.

Conclusions: These data show that the one-carbon metabolic enzyme MTHFD?2
serves as a metabolic checkpoint of alloreactive T cells and suggest that it may be a

potential therapeutic target for heart transplant rejection.
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Introduction

Cellular metabolism involves complex sequences of controlled biochemical reactions,
which allow organisms to grow and respond to environmental changes(1). The
stimulation of T cells induces metabolic reprogramming to cultivate effector T cells
and long-lived memory cells, which are essential for T-cell function and fate(2).
Folate metabolism, which is also known as one-carbon (1C) metabolism, is a
universal metabolic process that activates and transfers 1C units for biosynthetic
processes and cellular functions(3-5). 1C metabolism is closely related to T cell
receptor stimulation and is essential for T-cell expansion(6, 7). In addition, it
generates the universal methyl donor S-adenosyl methionine (SAM) for protein and
DNA methylation to modify T-cell function(7, 8). T cells are critical cells promoting
heart transplant rejection(9). For instance, CD4" T helper cells promote the
differentiation of CD8" T cells into alloreactive effectors and provide help to B cells,
enabling them to generate a humoral response; these immune responses result in graft
injury and rejection(10). However, the role of 1C metabolism in T-cell-mediated
rejection is unclear.

Methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) is one of the main
enzymes involved in 1C metabolism and is also known as NAD-dependent
mitochondrial methylenetetrahydrofolate dehydrogenase-cyclohydrolase(11-13).
MTHFD?2 is upregulated in various cancers and developing embryos but remains at
low to undetectable levels in most differentiated normal adult tissues(14). In addition,
high MTHFD2 expression is associated with poor outcomes in many diseases, such as
autoimmune disease (15). Recent studies have shown that MTHFD2 expression is

increased in activated T cells in vivo and in vitro (12, 16). Importantly, MTHFD2



inhibition or genetic deficiency reduces the severity of T-cell-mediated diseases, such
as experimental autoimmune encephalomyelitis, inflammatory bowel disease (3, 17).
Nevertheless, researchers have not determined whether MTHFD2 inhibition prevents
heart transplant rejection.

In this study, we performed RNA sequencing and single-cell RNA-seq analysis.
Then, we found that MTHFD2 was upregulated in allografts. Additionally, T-cell-
specific Mthfd2 deficiency inhibited heart transplant rejection. Mechanistically,
Mthfd2 ablation affected the IRF4/PD-1 pathway through a metabolic-epigenetic
mechanism involving H3K4me3. Moreover, MTHFD2 inhibition prevented skin
transplant rejection in humanized mice. These data show that MTHFD2 serves as a
metabolic checkpoint in alloreactive T cells and highlight the potential of MTHFD?2

as a target for heart transplant rejection immunotherapy.

Materials and Methods
Detailed descriptions of experimental materials and methods are available in the

Supplementary Materials and Methods.

Murine heterotopic heart transplantation
Murine heterotopic heart transplantation was performed as previously described(18,

19). The details are provided in the Supplementary Material and Methods.

Humanized skin transplant model
All human samples were collected with permission from the double eyelids’ operation
patients. Humanized skin transplantation was performed as previously described(20,

21).The details are provided in the Supplementary Material and Methods.

Mouse study and Human sample approval



Animal protocols were reviewed and approved by the Institutional Animal Care and
Use Committee of Huazhong University of Science and Technology and complied
with the National Institutes of Health Guidelines for the Care and Use of Laboratory
Animals. Human sample studies were approved by the Research Ethics Committee of
Union Hospital, Tongji Medical College, Huazhong University of Science and
Technology (Approval No. XWK-YZMY-63) and were performed in accordance with
the principles of the 1975 Declaration of Helsinki. Specimen were not obtained from

prisoners or deceased individuals.

Statistical analysis

Data are presented as the means (SD) or interquartile range. The p values were
analyzed with GraphPad Prism Software (version 9.0). The statistical analyses are
listed in revised Supplementary material and the figure legends. Statistical

significance was set to p < 0.05.

Results

1C metabolism is significantly active in graft-infiltrating T cells (GITs) during
heart transplant rejection

We conducted transcriptomic and metabolomic analyses to investigate the dynamic
metabolic adaptation in grafts during heart transplant rejection. A total of 1341 genes
were differentially expressed in the allografts compared with the isografts (Figure
1B). Then, we performed gene set enrichment analysis (GSEA) of the differentially
expressed genes (DEGSs) and identified representative pathways associated with
allograft rejection, T-cell function and metabolism, including IL2_PATHWAY,
ALLOGRAFT_REJECTION, TCR_PATHWAY, and FOLATE_METABOLISM
(Figure 1C-D, Supplementary Table 2). We also analyzed endomyocardial biopsies
from patients with or without rejection after heart transplant in the clinic (data from
GSE150059) (22). GSEA revealed that the main biological processes of the signature

included not only ALLOGRAFT_REJECTION,
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MODULATORS_OF_TCR_SIGNALING _AND_T_CELL_ACTIVATION but also
FOLATE_METABOLISM (1C metabolism) (Supplementary Figure 1A-B, Figure
1E, Supplementary Table 2). Moreover, we performed a metabolomics analysis of
cardiac grafts and found that the levels of some nucleotides related to 1C metabolism
were significantly different between isografts and allografts (Figure 1F). We
performed scRNA-Seq of CD45" cells from BALB/c transplanted and native
untransplanted hearts to explore the differences in 1C metabolism in various immune
cells present in the hearts (Figure 1G) (22, 23). Based on the typical marker genes, 4
clusters (T cells, B cells, macrophages, and neutrophils) were identified
(Supplementary Figure 2, Figure 1G). The enrichment score for 1C metabolism in T
cells present in the heart with heart transplant rejection was significantly increased,
but the enrichment score for neutrophils was reduced (Figure 1H). Together, these
data indicate that 1C metabolism is significantly more active in GITs during heart

transplant rejection.

The 1C metabolic enzyme MTHFD2 is expressed at high levels in GITs during
heart transplant rejection

We screened potential targets related to 1C metabolism in graft-infiltrating T cells
during heart transplant rejection by analyzing the expression of genes encoding 1C
metabolic enzymes in allografts and isografts using RNA-seq and found that Mthfd2
was one of the most highly induced genes in allografts (Figure 2A). Similar
upregulation of MTHFD2 in human endomyocardial biopsies with heart transplant
rejection was observed (Figure 2B). We analyzed the scRNA-seq data to determine
Mthfd2 expression in different types of immune cells in cardiac allografts during heart
transplant rejection, and the results shown in Figure 1 indicated that Mthfd2 was
predominantly expressed in GITs (Figure 2C). Next, we collected the mouse cardiac
allograft for the immunofluorescence staining and found that MTHFD2 was mainly

presented in GITs (Figure 2D). We isolated graft-infiltrating cells for flow cytometry
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assays to quantitatively analyze MTHFD?2 levels in graft-infiltrating T-cells
(Supplementary Figure 3). MTHFD2 expression was significantly increased in both
graft-infiltrating CD4* and CD8" T cells of allografts compared with isografts (Figure
2E- F, n=5). Thus, the 1C metabolic enzyme MTHFD?2 is expressed at high levels in

GITs during heart transplant rejection.

T-cell-specific Mthfd2 deficiency prevents heart transplant rejection in mice

We generated T-cell-specific Mthfd2 knockout mice (Mthfd2"1Cd4-Cre*) and
established a fully MHC-mismatched heart transplantation model to evaluate the role
of MTHFD2 in T-cell-mediated heart transplant rejection. The survival of cardiac
allografts in the Mthfd2"1Cd4-Cre* mice was significantly prolonged compared with
that in the Mthfd2"" mice (Figure 3A, n=7). Meanwhile, the histopathology analysis
of cardiac allografts showed a diffuse lymphocyte infiltrate accompanied by
multifocal myocyte damage in Mthfd2™ mice, while only limited lymphocyte
infiltration was observed in Mthfd2"1Cd4-Cre* mice (Figure 3B, n=5). Using a flow
cytometry assay, we found that T-cell-specific Mthfd2 knockout decreased CD4* and
CD8* T-cell proportion and number in the spleen during acute rejection (Figure 3C,
n=5). The percentages of IL-17- and IFN-y-producing CD4" T-cells and IFN-y-
producing CD8" effector T cells were decreased in Mthfd2 knockout mice (Figure 3D-
E, n=5), while the percentage of regulatory T cells was increased in the recipient
spleen (Figure 3F). In addition, T-cell-specific Mthfd2 knockout led to a decrease in
splenic IFN-y-producing alloreactive cells, as detected using an enzyme-linked
immunospot (ELISpot) assay (Figure 3G, n=5). Taken together, these data revealed
that T-cell-specific Mthfd2 knockout impaired the function of alloreactive T cells and

prevented heart transplant rejection in mice.

Mthfd2 deficiency promotes the long-term survival of mouse models in chronic

heart transplant rejection



We investigated the effects of T-cell-specific Mthfd2 deletion on chronic heart
transplant rejection. Mthfd2%f or Mthfd2"1Cd4-Cre* mice were transplanted with
BALB/c hearts, and then recipients were treated with 250 pg of CTLA-4-1g on day 2
posttransplant (Figure 4A, n=6). The survival of cardiac allografts was significantly
increased in Mthfd2"Cd4-Cre* mice (Figure 4B). Histologically, cardiac allografts
from Mthfd2"M recipient mice were characterized by much more serious perivascular
cellular infiltration and vascular occultation at day 28 post transplantation than those
from Mthfd2"1Cd4-Cre* mice (Figure 4C-D, n=5). We also observed more collagen
deposits in cardiac allografts from Mthfd2"f recipient mice than in those from
Mthfd2"1Cd4-Cre* mice (Figure 4C-D). Based on these results, Mthfd2 ablation in T

cells inhibits chronic heart transplant rejection in mice.

MTHFD2 is required for the function and IRF4 expression of alloreactive T cells
in an H3K4me3-dependent manner

We generated TEaMhfd2KO (TEg xMthfd2"1Cd4-Cre+, KO) mice and TEaVT (TEa
xMthfd2™ WT) mice to analyze the effects of Mthfd2 deficiency on alloreactive T-
cell function and the underlying mechanisms. CD4"* TEa cells were isolated from
spleens using magnetic-activated cell sorting, labelled with CFSE, and then
cocultured with mitomycin C-treated antigen-presenting cells (APCs) from BALB/c x
C57BL/6 F1 mice. After 72 h of coculture, we found that Mthfd2 deficiency inhibited
alloreactive T-cell proliferation (Figure 5A, n=5). Meanwhile, IFN-y production was
also decreased in TEaM"d2KO cells (Figure 5B). The results indicated that Mthfd2
deletion impaired the function of alloreactive T cells. We performed an RNA-seq
analysis of KO and WT TEa cells to study the mechanism of T-cell dysfunction after
Mthfd2 deletion. As shown in Figure 5C, 90 genes were downregulated and 153 genes
were upregulated in KO cells compared with WT cells. The downregulated genes
included genes encoding proinflammatory cytokines (IL2, IL22, IFN-g, and TNF),
chemokines (CCL3 and CXCL13) and metabolism-related receptors (SLC4A1 and
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SLC29a2) (Figure 5D). Moreover, the mRNA level of IRF4, which is an important
transcription factor for T-cell function and fate(18), was significantly downregulated
in Mthfd2-deficient TEa cells compared with WT TEa cells (Figure 5D). Consistent
with the change in the Irf4 mRNA level, we also found that IRF4 expression was
decreased in Mthfd2-deficient TEa cells (Figure 5E, n=5). MTHFD2 isa 1C
metabolism enzyme (24, 25) and is important for the production of SAM for protein
and DNA methylation to modulate T-cell function (5, 26). The supernatant of the
medium was collected for ELISA assay and found that SAM production was
decreased in Mthfd2-deficient TEa cells compared with WT TEa cells (Figure 5F,
n=5). As SAM is essential for histone methylation(27, 28), we detected the
methylation level of representative histones in TEa cells. Although no differences in
H3K36me3 and H3K27me3 levels were observed, the level of H3K4me3 was
markedly decreased in Mthfd2-deficient TEa cells (Figure 5G, n=5). We performed
H3K4me3 CUT&Tag assays (29) in Mthfd2-deficient and WT TEa cells to study the
chromatin profile of H3K4me3 modification and found that the enrichment of
H3K4me3 at the Irf4 gene was decreased in Mthfd2-deficient T cells (Figure 5H).
MTHFD?2 is required to maintain the formate pool for purine synthesis (7). Formate
plays an important role in the proliferation, viability, and activation of CD4" T
cells(30, 31). Next, we analyzed the effects of exogenous formate on H3K4me3 and
IRF4 expression in Mthfd2-deficient T cells. The reduction in both H3K4me3 levels
and IRF4 expression in Mthfd2-deficient T cells was rescued by exogenous formate
(Figure 51-J, n=5). Moreover, the reduced IFN-y production was also rescued upon
formate treatment (Figure 5K). Overall, these data suggest that Mthfd2 deletion
inhibits proliferation, IFN-y production and IRF4 expression in alloreactive T cells in

an H3K4me3-dependent manner.

The protective effect of Mthfd2 ablation on heart transplant rejection depends on

the PD-1 pathway



IRF4 ablation promoted the expression of the inhibitory receptor PD-1 in a cell
intrinsic manner and mediated impaired cellular metabolism(9, 32). In the absence of
IRF4, the chromatin accessibility of Pdcdl is increased, which results in enhanced
PD-1 expression and dysfunction(9). Subsequently, we further analyzed the RNA-seq
data in Figure 5C to investigate the expression of immune checkpoint genes that
promote T-cell exhaustion and dysfunction(32) and found that Pdcd1 (encoding PD-1)
expression was significantly increased in Mthfd2-deficient TEa cells (Figure 6A).
Also, we detected increased expression of PD-1 in Mthfd2-deficient TEa cells using
an FCM assay (Figure 6B, n=5). We explored whether the protective effects of the T-
cell-specific Mthfd2 knockout on heart transplant rejection were associated with the
PD-1 pathway by generating a mouse heart transplant rejection model (Mthfd2"Cd4-
Cre* mice as the recipient and BALB/c mice as the donor) and treated them with rat
IgG or anti-PD-L1 mAb (Figure 6C, n=5). The survival of allografts was shortened,
the lymphocyte infiltration and myocardial damage of allografts was increased with
anti-PD-L1 treatment (Figure 6D-E). An analysis of the International Society for
Heart and Lung Transplantation (ISHLT) grade of the allografts indicated that a
higher score for anti-PD-L1-treated mice (Figure 6E). These data suggest that the
protective effect of Mthfd2 ablation on heart transplant rejection depends on the PD-1

pathway.

MTHFD2i administration attenuates human allograft rejection in humanized
mice

We treated recipient mice of a humanized skin transplant with an MTHFD?2 inhibitor
(MTHFD2i; LY345899) to investigate the clinical translation of the effect of this
inhibitor on heart transplant rejection. In this model, NSG mice were transplanted
with human skin and then reconstituted with peripheral blood mononuclear cells
(PBMCs) at 30 days after transplantation. The PBMC-reconstituted mice were treated
with either vehicle or MTHFD2i (Figure 7A, n=10). The administration of MTHFD2i
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obviously prolonged the survival of skin grafts (Figure 7B). The skin grafts were
harvested on day 28 after PBMCs were reconstituted for HE and
immunohistochemical staining. As shown in Figure 7C, lymphocyte infiltration in the
skin graft was inhibited by MTHFD?2i treatment. The expression of CD3E and IRF4
MRNA was also reduced in the skin grafts from MTHFD2i-treated recipients (Figure
7D, n=5). Taken together, the humanized skin transplant model suggests that
MTHFD2i attenuates allograft rejection and highlights the clinical translational

potential of MTHFD2i for organ rejection following transplantation.
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Discussion
The T-cell function requires appropriate metabolic reprogramming to meet the
increased demands for energy, biosynthesis, and signaling molecules(33). 1C
metabolism is central to several processes, including de novo purine synthesis, methyl
donor generation(11, 34), which involved in the occurrence and prognosis of many
diseases(34, 35). In our study, 1C metabolism was obviously activated in allografts,
which was also verified by the metabolomic analysis. Furthermore, we proved that 1C
metabolism was most significantly upregulated in GITs. These results suggest that 1C
metabolism may play a critical role in alloreactive T cells. Activated T cells use
complex metabolic pathways to generate the precursors required for macromolecular
synthesis, energy and other prosurvival pathways (36, 37). Since many enzymes are
indispensable for 1C metabolism(38), we screened the major enzymes of 1C
metabolism in grafts and found that the Mthfd2 gene was upregulated to the greatest
extent during heart transplant rejection. Similar findings were obtained from
endocardial biopsies in clinical. Moreover, our results revealed that the MTHFD2
MRNA and protein were mainly present in GITs. For further investigation, we found
that Mthfd2 deficiency prolonged cardiac allograft survival and inhibited the
alloreactive T-cell response. These results suggest that MTHFD2 promotes T-cell-
mediated rejection. Likewise, MTHFD2 regulates other diseases related to T cells.
Ayaka et al. established that MTHFD?2 inhibition or genetic deficiency ameliorated
autoimmunity and hypersensitivity(17). Finally, we found that Mthfd2 deficiency
protected against not only acute cellular rejection but also cardiac allograft
vasculopathy. Taken together, MTHFD2 and 1C metabolism are important in heart
transplant rejection.

We employed a cell coculture assay to elucidate the mechanism underlying the
effect of MTHFD2 on alloreactive T cells. Mthfd2 ablation inhibited the proliferation
and IFN-y production of alloreactive T cells. Moreover, IRF4 expression was

decreased in Mthfd2 knockout alloreactive T cells. 1C metabolism regulates the
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generation of the universal methyl donor SAM for protein and DNA methylation to
modify T-cell function(27, 39). Our data showed that Mthfd2 deficiency decreased the
SAM concentration in T cells. Methionine contributes to gene transcription through
SAM-dependent histone modifications(8, 40, 41). We assessed the effect of MTHFD2
on global H3 histone methylation in alloreactive T cells and found that H3K4me3
modifications were significantly affected by Mthfd2 deficiency. We next performed
the CUT&Tag assay to assess the H3K4me3 methylation patterns of the Irf4 gene in
alloreactive T cells. H3K4me3 marks were reduced across the TSS and gene body
regions of the Irf4 gene in Mthfd2-deficient alloreactive T cells, consistent with the
reduced Irf4 mRNA expression observed in Mthfd2-deficient alloreactive T cells.
MTHFD?2 activity contributes to maintain the intracellular formate pool(7). We
performed rescue experiments by replenishing formate and confirmed that the effects
of Mthfd2 deficiency were weakened when formate was present. IRF4 is a key
transcription factor that manipulates T-cell responses and represses PD-1, which is an
inhibitory receptor expressed on activated T cells that dampens TCR /CD28 signaling
by engaging with PD-L1 and associated with T-cell dysfunction (9, 42, 43). Through
in vitro experiments, we found that PD-1 expression was increased in Mthfd2-
deficient alloreactive T cells. Importantly, PD-1 blockade was capable of abrogating
the protective effect of Mthfd2 deficiency after heart transplantation. Finally, we
proved that MTHFD2i also relieved skin transplant rejection in humanized mice.
Taken together, our results revealed that MTHFD2 regulates the IRF4/PD-1 pathway
through a metabolic-epigenetic mechanism involving H3K4me3 (Figure 8).

There are some limitations in our study: (1) Ischemia-reperfusion injury is
believed to contribute to early allograft dysfunction(44, 45). The association of
MTHFD2 with ischemic injury needs further investigation. (2) The
immunosuppression regimen has never been used, and whether these agents affect 1C
metabolism deserves to be explored. (3) As different nucleosides between isografts

and allografts are not specific to the 1C pathway, further studies are required to
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explore the role of other important pathways that involve these metabolites. (4)
Whether AlloMap (46) genes, including ITGA4, MARCHS are regulated by MTHFD2
metabolism during heart transplant rejection is unclear and requires further study. (5)

There were no donor-specific antibodies or biopsies/autopsies performed to correlate
MTHFD2 expression with rejection in our study. (6) The effects of Mthfd2 knockout

on CD8" T-cell function in heart transplant rejection needs further study. (7) The
gating strategy of CD4" and CD8" T cells in FCM assay never used T cell markers
such as CD3. Nonetheless, our data reveal that MTHFD2 serves as a metabolic
checkpoint in alloreactive T cells and highlight the potential of this enzyme as a target

for heart transplant rejection immunotherapy.
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Figure 1. 1C metabolism is differentially active in graft-infiltrating T cells during

heart transplant rejection.

(A) Schematic of the RNA-seq and metabolomics analysis workflow. We established
murine heterotopic heart transplantation models, including the isograft group
(C57BL/6 to C57BL/6) and allograft group (BALB/c to C57BL/6). Grafts were

harvested on day 6 after transplantation for RNA-seq and metabolomics assays.
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(B) Transcriptome analysis of recipient mouse grafts. Volcano plot of significantly
upregulated (red, 566) and downregulated (blue, 755) genes identified by comparing
the allografts with isografts.

(C) Dot plot showing the significantly enriched pathways among the DEGs identified
between allografts and isografts.

(D) GSEA showing a representative enrichment plot of the folate metabolism (1C
metabolism) gene set comparing allografts with isografts.

(E) GSEA showing a representative enrichment plot of the folate metabolism (1C
metabolism) gene set comparing endomyocardial biopsies (EMBs) from rejection
patients with EMBs from nonrejection patients after heart transplantation. Data were
obtained from NCBI GEO (GSE150059).

(F) Heatmap showing the expression levels of 1C metabolism-associated metabolites
in allografts and isografts.

(G) Schematic of the workflow used for the sScRNA-Seq analysis of CD45" immune
cells in untransplanted and transplanted hearts. UMAP visualization of 4 immune cell
types.

(H) Violin plots showing the 1C metabolism enrichment scores of T cells, B cells,

macrophages, and neutrophils.
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Figure 2. The 1C metabolic enzyme MTHFD2 is expressed at high levels in GITs
during heart transplant rejection.

(A, C-F) BALB/c or C57BL/6 (B6) hearts were transplanted into C57BL/6 (B6) mice
(n =5). Grafts were evaluated on day 6 post transplantation.

(A) Histogram showing the fold changes in the expression of genes encoding 1C
metabolism enzymes in the comparison of allografts with isografts using RNA-seq.
(B) Bar plots showing the MTHFD2 expression level in EMBs from rejection patients
and EMBs from nonrejection patients after heart transplantation. Data were obtained
from NCBI GEO (GSE150059).

(C) Violin plots showing the expression levels of Mthfd2 among 4 immune cell types
in transplanted hearts.

(D) Mouse cardiac allografts were collected on day 6 after transplantation. MTHFD2
and CD3 levels in allografts were detected by performing immunofluorescence

staining (MTHFD2, green; CD3, red; DAPI, blue). Scale bars: 50 um.
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(E-F) Representative FCM histograms and bar graphs of the median fluorescence
intensity of MTHFD2 in graft-infiltrating CD4" (left panel) and CD8" (right panel) T

cells. n = 5; two-tailed unpaired Student’s t test.
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Figure 3. T-cell-specific Mthfd2 deficiency ameliorates heart transplant rejection
in mice.

BALB/c hearts were transplanted into Mthfd2f or Mthfd2"Cd4-Cre* mice. Grafts
and spleens were harvested on day 6 post-transplantation.

(A) The survival curve of cardiac allografts in Mthfd2™" and Mthfd2"1Cd4-Cre*
recipients. n = 7; log-rank (Mantel Cox) test, p < 0.0001.

(B) Representative H&E-stained sections of Mthfd2™" and Mthfd2"Cd4-Cre*
allografts collected on day 6 posttransplantation. Scale bars: 100 um. Data were
presented as the interquartile range, n = 5; Mann—Whitney U test, p = 0.0079.

(C-F) Splenocytes were isolated from recipient mice and stained with antibodies for

FCM.
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(C) Representative FCM plots and bar graphs of the percentages and numbers of
CD4*, CD8". n = 5; two-tailed unpaired Student’s t test.

(D-F) Representative FCM plots and bar graphs of the percentages of CD4IL-177,
CDA*IFN-y*, CD8IFN-y*, and CD4*Foxp3* T cells. n = 5; two-tailed unpaired
Student’s t test.

(G) ELISpot assay of splenic IFN-y-producing alloreactive cells in mice. n = 5; two-

tailed unpaired Student’s t test, p < 0.0001.
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Figure 4. Mthfd2 deficiency achieves long-term survival in mouse models of
chronic cardiac transplant rejection.

Mthfd2f or Mthfd211Cd4-Cre* mice were transplanted with BALB/c hearts on day 0
and were treated with 250 ug CTLA4-1g on day 2. Grafts were harvested on day 28.
(A) Schematic of the experimental workflow.

(B) The survival curve of cardiac allografts in Mthfd2" and Mthfd2"1Cd4-Cre* mice.
n = 6; Log-rank (Mantel-Cox) test, p = 0.0003.

(C) Representative H&E, EVG and Masson staining sections of allografts collected on
day28 post-transplant. Scale bars: 100 um.

(D) Bar graphs showing the vascular occlusion of allografts, two-tailed unpaired
Welch’s t test, p = 0.0013 and fibrotic area of allografts, two-tailed unpaired Student’s
t test, p = 0.0003. n = 5.

27



=0.0013 WT KO =
100" "= , - . ggp=00007
, 2 I‘ 1 15.2 ’ ¥ 40
© i “1 ] +] 3 O
gy @ % w | v Al | 33
= - LJf
g W @] g
2 Bl e ®10
0 CD4-BV421 (R
WT KO WT KO
C D E

= WT KO CJ WT [ KO
S Slc4at
Q 1122 max
= 12 - P
810 Ll ¥ =S
e ~ n -
g 5 2 (B Slc29a2 é 109754 3
B I Cxcl10 o

0 L% B i Gz s

: v min 82412
3 S W W /4

IRF4-PE——»

3 WT [J KO

20752 / \ 285 j\ || 24228
19660 ) \ 281 /l 7606 A

H3K27me3-PE —»  H3K36me3-PE —> H3K4me3-PE —»

Modal

H3K4me3 MFI (x10%)

H | M
If4  chr13:30,749,226-30,766,976 (mm10) 1kb [ PBS [ Formate
R Mt aen e e | 4 ]
CUT&Tag
H3K4me3 ~
me. = 3
WT 3 3¢
S | 8443 ™
=
KO 23953 /\
H3K4me3-PE ——» PBS Formate
J EMcf
D_PBSP Formate 20 | PBS Formate " p =0.001
~15 I 1 209 427 5 40
—_ vb— “1 P 8 30
3 =10 W ~ o > o
s L £ ' LS 220
= i R v [ °
5 z 4 <10
124456 L gy ey &
™ 0 CD4-BV421 > 0l
IRF4-PE PBS Formate PBS Formate

Figure 5. MTHFD2 is required for the function and IRF4 expression of
alloreactive T cells in an H3K4me3-dependent manner.

TEaMthfd2-KO cells (KO) and TEa"T cells (WT) were labelled with CFSE and
cocultured with mitomycin-treated APCs from BALB/c x C57BL/6 F1 mouse spleens

at a ratio of 2:1 for 3 days.
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(A) Representative FCM histograms and bar graphs of the percentage of CFSE'®" TEa
cells. n = 5; two-tailed unpaired Student’s t test, p = 0.0013.

(B) Representative FCM plots and bar graphs of the percentage of IFN-y-positive TEa
cells. n = 5; two-tailed unpaired Student’s t test, p = 0.0007.

(C) Transcriptome analysis of TEa cells following MLR. Volcano plot of significantly
upregulated (red, 90) and downregulated (blue, 153) genes identified by comparing
KO with WT.

(D) Heatmap showing the representative genes that were changed in the comparison
between WT and KO mice.

(E) Representative FCM histograms and bar graphs of IRF4 MFI on TEa cells. n = 5;
two-tailed unpaired Student’s t test, p = 0.04109.

(F) The SAM concentration in the medium following MLR, as measured using
ELISA. n = 5; two-tailed unpaired Student’s t test, p = 0.0031.

(G) Representative FCM histograms (left panel) of H3K27me3, H3K36me3 and
H3K4me3 MFIs on TEa cells and bar graphs of the H3K4me3 MFI in TEa cells. n =
5; two-tailed unpaired Welch’s t test, p = 0.0190.

(H) Representative alignments of CUT&Tag peaks depicting H3K4me3 binding to the
Irf4 loci of WT and KO TEa cells on day 3 following MLR.

(1) Representative FCM histograms and bar graphs of H3K4me3 MFI in TEa cells
following MLR with PBS and Formate treatment. n = 5; two-tailed unpaired Welch’s
t test, p = 0.0006.

(J) Representative FCM histograms and bar graphs of IRF4 MFI in TEa cells
following MLR with PBS and formate treatment. n = 5; two-tailed unpaired Student’s
t test, p = 0.0009.

(K) Representative FCM plots and bar graphs of the percentage of IFN-y-positive TEa
cells following MLR with PBS and formate treatment. n = 5; two-tailed unpaired

Student’s t test, p = 0.001.
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Figure 6. The protective effect of Mthfd2 ablation on heart transplant rejection
depends on the PD-1 pathway.

(A) Heatmap showing the mRNA expression of costimulatory and coinhibitory
molecules in WT and Mthfd2-deficient TEa cells following MLR.

(B) Representative FCM histograms and bar graphs of PD-1 MFI in WT and Mthfd2-
deficient TEa cells. n = 5; two-tailed unpaired Student’s t test, p = 0.00009.

(C) Schematic of the anti-PD-L1 treatment experimental workflow.

(D) The survival curve of cardiac allografts in T-cell-specific Mthfd2-deficient mice
after treatment with rat IgG and anti-PD-L1 antibodies. n = 5; log-rank (Mantel-Cox)
test, p = 0.0023.

(E) Representative H&E-stained sections of rat IgG- and anti-PD-L1-treated allografts
collected on day 6 posttransplantation. Scale bars: 100 um. The cellular rejection level
was scored according to the 2004 ISHLT guidelines. Data were presented as the

interquartile range, n = 5; Mann—Whitney U test, p = 0.0159.
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Figure 7. MTHFD2i administration attenuates human allograft rejection in
humanized mice.

(A) Schematic of the humanized skin transplant experimental workflow.

(B) The survival curve of human skin allografts in PBMC-injected NSG mice treated
with vehicle or MTHFD2i. n = 10; log-rank (Mantel-Cox) test, p < 0.0001.

(C) Representative images of H&E and human CDA45 IHC staining in vehicle- and
MTHFD2i-treated skin allografts collected on day 28 after PBMC injection. Scale

bars: 100 um.
(D) RT-PCR analysis of CD3E and IRF4 mRNA levels in vehicle- and MTHFD2i-

treated skin allografts. Plots show the fold change relative to naive mice. n = 5; two-

tailed unpaired Student’s t test.
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Figure 8. Summary graph of this study.
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Multiomics analysis and study of cardiac tissue from human and mouse heart

transplant rejection revealed that 1C metabolism is prominently active in cardiac

allografts with transplant rejection. In vitro assays revealed that MTHFD2 regulated

the function and IRF4/PD-1 pathway in T cells through a metabolic-epigenetic

mechanism involving SAM and H3K4me3. The humanized skin transplant study

revealed that an inhibitor of MTHFD2 attenuated human allograft rejection. The

figure was created in Biorender.com.
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