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Tetrahydrobiopterin enhances
regulatory T- and mast cell
proliferation and alters cytokines
expression in a murine heart
transplant model
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Administration of tetrahydrobiopterin (BH4) has been shown to attenuate acute allograft rejection
in a murine heart transplantation model in a manner similar to that of cyclosporine A. However, its
mechanism of action on immune cells remains largely unknown. A fully MHC-mismatched (C3H/He to
C57BL/6) mouse heart transplant model was used in this study. The recipients were treated with BH4
or cyclosporine A six days. The degree of acute rejection was assessed by histopathological analysis,
splenocytes were analyzed by flow cytometry, and cytokine production was estimated based on the
level of protein and RNA in sera and grafts and in vitro in T cell cultures. Proliferation of requlatory T
cells and mast cells, suppressor capacity of Tregs, and MLR of T cells were conducted in vitro. Survival
curves confirmed the significant improvement observed in the BH4-treated animals. BH4-treatment
resulted in a substantial increase in Tregs and mast cells in the secondary lymphoid organs. In vitro
assays showed increased proliferation of BH4-treated Tregs and mast cells. Cytokine production

in vivo and in vitro in BH4-treated animals revealed an increase in the expression of IL-10, IL-5 and
IL-4. BH4-dependent mast cell-derived tryptophan hydroxylase-1 could be excluded as a treatment
target in recipient knockout mice. These data suggest that BH4 modulates the innate and adaptive
immune systems, resulting in increased proliferation of regulatory T and mast cells accompanied by a
modulation of anti-inflammatory cytokines.

Keywords Tetrahydrobiopterin, Inmunosuppression, Regulatory t cells, Mast cells, Cytokines, Heart
transplantation model

Abbreviations

BH2 Dihydrobiopterin

BH4 Tetrahydrobiopterin

b.w. Body weight

CFSE Carboxyfluorescein-diacetate-succinimidyl-ester

CsA Cyclosporin A
CTV Cell-tracer-violet
DCs Dendritic cells

1Daniel Swarovski Research Laboratory, Department of Visceral, Transplant and Thoracic Surgery, Center of
Operative Medicine, Medical University of Innsbruck, Innrain 66, 6020 Innsbruck, Austria. 2Institute of Clinical and
Functional Anatomy, Medical University of Innsbruck, Innsbruck, Austria. 3Institute of Pathology, Neuropathology
and Molecular Pathology, Medical University of Innsbruck, Innsbruck, Austria. “Institute of Molecular Biochemistry,
Biocenter, Medical University of Innsbruck, Innsbruck, Austria. *Max Delbriick Center for Molecular Medicine in
the Helmholtz Association (MDC), Molecular Biology of Peptide Hormones, Berlin, Germany. Susanne Ebner and
Bernhard Texler contributed equally to this work. *‘email: manuel.maglione @i-med.ac.at

Scientific Reports|  (2025) 15:36278 | https://doi.org/10.1038/s41598-025-20127-1 nature portfolio


http://orcid.org/0000-0002-0394-9620
http://orcid.org/0000-0001-5563-5618
http://orcid.org/0000-0002-6486-492X
http://orcid.org/0000-0003-4515-0523
http://orcid.org/0000-0003-0103-1717
https://orcid.org/0000-0002-0611-3837
http://orcid.org/0000-0003-1759-5672
http://orcid.org/0000-0003-1592-7856
http://orcid.org/0000-0003-3260-9139
http://orcid.org/0000-0002-6071-5433
http://orcid.org/0000-0001-8909-8566
http://orcid.org/0000-0002-2619-8639
http://orcid.org/0000-0002-1122-8444
http://orcid.org/0000-0001-7790-441X
http://orcid.org/0000-0003-1948-3391
http://orcid.org/0000-0003-1479-6129
http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-20127-1&domain=pdf&date_stamp=2025-10-4

www.nature.com/scientificreports/

GTP Guanosine triphospahte

im. Intramuscular

ip. Intraperitoneal

MACS  Magnetic activated cell sorting

MCs Mast cells

MLR Mixed lymphocyte reaction

OD Once daily

pod Postoperative day

tid. Ter in die (three times a day), Tregs, regulatory T cells
Tresp T responder cells

TPH-1  Tryptophan hydroxylase-1

Advances in immunosuppressive medication have been crucial in transforming solid organ transplantation from
an experimental approach to standard treatment of care'. However, successful maintenance immunosuppression
strategies are affected by drug toxicities, limiting graft and recipient survival, and making the search for new
immunosuppressive strategies/approaches indispensable?.

Tetrahydrobiopterin (BH4) exerts immunomodulatory effects in various solid organ transplantation models.
In ischemia reperfusion injury (IRI) models, we demonstrated BH4-specific protection of the transplanted
grafts, proposing BH4-dependent constitutive nitric oxide synthase (cNOS) as the drug target®8. Similarly, the
administration of exogenous BH4 to the donor prevented severe transplant vasculopathy, probably by attenuating
IRI. cNOS was identified as the target. The stabilization of the dimeric isoform by BH4-administration was
clearly associated with successful treatment®. However, the immunoregulatory properties of BH4 appear to go
beyond NOS modulation and attenuation of IRI.

Using a mouse heart transplantation model, transgenic overexpression of the rate-limiting enzyme for
BH4 synthesis GTP cyclohydrolase I in the transplanted graft, as well as exogenous administration of BH4
or its precursor sepiapterin, has been shown to attenuate acute allograft rejection to an extent similar to that
of cyclosporine A (CsA)'912, In contrast to IRI models, in this context, its direct effects on immune cells as
well as the target molecule responsible for the immunosuppressive action of BH4 remain unexplored!2. The
BH4 dependent aromatic amino acid hydroxylase tryptophan hydroxylase-1 (TPH-1) has recently been shown
to be involved in immune regulation by delaying graft rejection and promoting tolerance in a murine skin
transplantation model. In this model, the major source of TPH-1 was recipient-derived mast cells (MCs)
invading the transplanted skin'’. MCs are involved in the adaptive immune response by processing and
presenting antigens via MHC molecules. They ultimately link innate and adaptive immunity by secreting pro-
and anti-inflammatory cytokines and mediators!*!>.

Considering these findings, in the present study, we decided to further dissect the immunosuppressive
properties of BH4, not only from a TPH-1/MC-related perspective but also, more generally, regarding its effects
on immune cells in the setting of acute allograft rejection using a heart transplantation model in mice.

Materials and methods

Mice

Male C57BL/6 (H-2b) and C3H/He (H-2k) mice, aged 10-12 weeks were purchased from Charles River (Sulzfeld,
Germany). TPH-17~ knock-out mice (C57Bl/6 background, ) were kindly provided by Prof. Dr. Michael Bader
(Max-Delbriick-Centrum fiir Molekulare Medizin, Berlin, Germany) and were bred at the Central Animal
Facility of the Medical University of Innsbruck. All animals were housed under standard conditions and received
human care in compliance with the “Principles of Laboratory Animal Care” prepared by the National Academy
of Sciences and published by the National Institutes of Health (NIH Publication No. 86 — 23, revised 1985). This
study is reported in accordance with ARRIVE guidelines'®. The Austrian Ministry of Education, Science, and
Culture (BMWF-66.011/0061-V/3b/2019) approved all the experiments.

Heart transplantation and experimental design

For the acute rejection model, C3H/He donor hearts were heterotopically transplanted into C57BL/6 mice
(n=5-7/group). Allogeneic cervical heart transplantations were performed under injection anesthesia with
ketamine/xylazine (AniMedica, Senden-Bésensell, Germany) as previously described!” Briefly, the donor heart
was flushed in situ with Custodiol (Dr. Franz Kohler Chemie) and procured en bloc, including the proximal aorta
and the pulmonary artery. All other vessels were ligated, including the inferior vena cava, both superior venae
cavae, and the pulmonary veins. The aorta of the graft was then connected to the right common carotid artery
using a standardized non-suture cuff technique. Venous drainage was achieved via another cuff anastomosis
between the donor’s pulmonary artery and the external jugular vein of the recipient. Allografts’ cold and warm
ischemia times were maintained as short as possible by immediately transferring the graft into the recipient.
Rejection was defined as complete cessation of ventricular contractions, and heart performance was scored as
previously described!2.

Survival of the allografts was assessed daily by palpation and binocular inspection. As previously described!?,
graft performance was scored according to a graft function score ranging from 0 to 4, where 0 represents
complete cessation of heart beats and 4 represents unaltered function. Four different treatment groups were
defined:! non-treated, wild-type donor-recipient pairs;” recipients treated with BH4 (50 mg/kg b.w. tid, i.m.);?
recipients treated with CsA (15 mg/kg b.w. OD, i.p.); and* a syngeneic donor-recipient control group. According
to our previously published protocol, recipient animals received either BH4 or CsA from day 0 to day 6 post-
transplantation. All animals were sacrificed on day 6 post-transplantation for further analysis. On day six, the
still beating hearts were harvested for further analysis before complete rejection!?. Following the observation
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period, recipient animals were anesthetized with an intraperitoneal injection of xylazine (5 mg/kg b.w.) and
ketamine (100 mg/kg b.w.) and died by exsanguination during blood and organ recovery for further analysis.
Dosing regimens of the applied immunosuppressant’s as well as the administration period were chosen according
to previously published work!2.

For survival analysis, the same experimental groups were used; however, the mice were observed until the
ventricular contraction was stopped. (Fig. 1A) Euthanasia of this group of animals was performed by terminal
isoflurane inhalation followed by cervical dislocation.

To test whether MC-derived TPH-1 in recipient animals was the target of BH4, four identical groups were
analyzed using TPH-17/~ mice as recipients.

People performing heart transplantation on mice and administering the different treatments were of involved
in data analysis of the recovered specimens.

Flow cytometry

For flow cytometry analysis, on day six following transplantation, the mouse spleens were minced, and splenocytes
isolated using a cell strainer with 40 um diameter pores and washed twice with PBS. Red blood cells were lysed
with the RBC Lysis Buffer (Thermo Fisher Scientific, Waltham, MA, USA), and the samples were analyzed after
staining with 7AAD (BD Bioscience, Heidelberg, Germany). Typically, 1 x 10° cells were pre-incubated with FcR-
blocking reagent (BD Bioscience, Heidelberg, Germany) for 15 min and afterward stained with combinations
of antibodies listed in Supplemental Table 1. For the FoxP3 intracellular staining, the cells were stained with
Fixable Viability Dye (Thermo Fisher Scientific, Waltham, MA, USA), fixed and permeabilized with the FoxP3/
Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, Waltham, MA, USA), and incubated with
Normal Rat Serum (Thermo Scientific, Waltham, MA, USA) prior to the incubation with the FoxP3 antibody.
Cells were analyzed on a BD LSRFortessa flow cytometer (BD Bioscience, Heidelberg, Germany). For analysis,
only living cells were counted. Moreover, doublet exclusion was achieved by plotting forward and sideward
scatter areas, heights, and widths (FSC- and SSC-A/-H/-W). Data were analyzed with FlowJo v 6.2 and FlowJo v
10.7 (Tree Star, Ashland, OR). The gating strategy is presented in Supplemental Figs. 5 and 6.

Proliferation assays

For regulatory T cells (Tregs), splenocytes of male C57BL/6 mice aged 10 to 12 weeks were obtained from
spleens as described in the chapter flow cytometry. Naive CD4 T cells were enriched from pooled splenocytes
via magnetic-activated cell sorting (MACS) (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s instructions. Naive CD4 T cells were incubated in RPMI containing 10% FCS with 135 U/
ml human recombinant IL-2, 20 ng/ml TGF-p (both Thermo Fisher, PeproTech, Waltham, MA, USA) and 1
nM Retinoic acid (St. Louis, MO, USA) in a 24-well plate precoated with 10 ug/ml mouse a-CD3 antibody
(BioLegend, San Diego, CA) to get induced Tregs (iTregs) for 4 days. On day 4 Tregs were stained with CFSE
according to the protocol of Quah et al.!®. 5x10° labeled iTregs were incubated stimulated (10 pg/ml CD3
antibody, 2 ug/ml a-CD28 antibody. BioLegend, San Diego, CA) and unstimulated with and without sepiapterin
(1 uM) in 96-well U-bottom plates for 3 days. The sepiapterin dose was determined using a concentration series
(0.1, 1 and 10 pM), as specified in the data sheet. Based also on our previous experience, 1 uM was ultimately
used!®. Cells were analyzed on a BD LSRFortessa flow cytometer (BD Bioscience, Heidelberg, Germany). Data
were analyzed with FlowJo v 10.7.0 (Tree Star, Ashland, OR). The gating strategy is presented in Supplemental
Fig. 7.

The Flow]Jo proliferation platform was used to analyze the Proliferation Index. This platform is a specialized
tool within the FlowJo software designed for analyzing cell division data obtained from flow cytometry
experiments using cell-tracking dyes like CFSE or CTV. It quantifies cell proliferation by modeling the
distribution of dye dilution as cells divide. This platform provides graphical displays, statistical summaries, and
automated gating to differentiate between cell generations. Flow]Jo uses mathematical models to fit the observed
dye dilution patterns, allowing for the determination of cell division events and their frequency. The platform
calculates various proliferation statistics, including the Proliferation Index (the average number of divisions for
the dividing population), the Division Index (the average number of divisions for all cells in the original culture),
the Expansion Index (the fold expansion of the original population, taking into account all cells, including
those that divided and those that did not) and the Replication Index (the average number of cells generated per
original dividing cell, considering only cells that divided).

For MCs, we performed peritoneal lavage of wild-type male C57BL/6 mice with PBS and collected the MC
precursors. Mature MCs were generated by seeding 2 x 10° cells in a T25 flask, adding 30 pg/ml SCF and 10 pg/
ml IL-3 according to the protocol described by Vukman.

et al?. In the Treg and MC proliferation assays, the BH4 precursor sepiapterin (Schircks Laboratories, Jona,
Switzerland) was added on days 3 and 6, and proliferation was analyzed by counting the number of cells using
trypan blue.

Suppressor assay

Tregs and naive CD4* T cells (responder T cells) were obtained as in the proliferation assay. Antigen-presenting
cells (APCs) were obtained via MACS as the negative fraction of CD90.2 Microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) from C57/BL/6 mice. CD4" T cells were stained with CFSE as responder T cells according
to the protocol of Quah et al. Tregs were stained with cell tracer violet (Thermo Fisher, Invitogen, Waltham,
MA, USA) according to the manufacturer’s instructions. We plated with and without Sepiapterin (1 uM) 1x 10°
responder T cells and 1 x 10° irradiated APC (15 Gy) in a U-bottom 96-well plate with decreasing concentrations
of Tregs (1:1, 1:2, 1:4, 1:8, 1:16) in 250 pl of RPMI with 10% FCS for 3 days. 1 pg/ml anti-CD3 antibody
(BioLegend, San Diego, CA) was added per well. Cells were analyzed on a BD LSRFortessa flow cytometer (BD
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Fig. 1. Treatment effects on cardiac allograft function, survival, and graft infiltrating T cells. (A) Experimental
protocol/design of an allograft transplantation setting with BH4 and CsA treated mice. Survival of the graft was
analyzed until day 15 and sample collection for IHC, FACS, RT-qPCR, Luminex and ELISA occurred on day
6. (B) Compared with untreated allogeneic control animals, BH4 treated recipients and CsA treated recipients
showed significantly improved survival of heart grafts. N=5-7 (C) Intragraft BH4 concentrations of BH4-
treated animals were significantly increased compared to non-treated allogeneic controls and are presented as
Mean + SEM. N=3-9 (D) CD3 infiltration of non-treated allogeneic control mice is significantly higher than
in BH4-treated and CsA-treated allogeneic-transplanted mice. Histological staining revealed significantly
lower frequencies of (E) CD8" T cells in BH4- and CsA-treated animals compared to non-treated allogeneic
control mice. Furthermore, we also identified similar numbers of graft infiltrating (F) CD4* and (G) CD25*
lymphocytes in donor hearts of BH4-treated grafts compared to allogeneic non-treated transplanted hearts.
CD4" and CD25* lymphocytes in CsA-treated transplanted hearts were significantly decreased. (H) Notably,
there was no significant difference observed of FoxP3* cells between BH4-treated animals and non-treated
allogeneic controls. CsA-treated animals showed a significant decrease of FoxP3™ cells compared non-treated
allogenic controls. The survival data were analysed by a Log-rank test and are presented as a Kaplan-Meier
survival curve. Statistically significant differences between groups were tested applying the Kruskal-Wallis

test with Dunn’s post-hoc test. In histological samples results are presented as Mean + SD. N=6-13/group.
Allogeneic and syngeneic controls were significantly different in all histological samples but not in BH4
concentrations (not depicted). No significant differences were observed in the expression of CD3, CD8 and
CD4 between BH4- and CsA-treated mice. However, there was a significant difference in CD25 (p<0.01)

and FoxP3 (p<0.05) expression (not depicted). Allo =untreated allogeneic controls, BH4 = BH4-treated
allogeneic transplanted animals, CsA = CsA-treated allogeneic transplanted animals, syn = untreated syngeneic
transplanted controls.
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Bioscience, Heidelberg, Germany). Data were analyzed with FlowJo v 10.7.0 (Tree Star, Ashland, OR). The gating
strategy is presented in Supplemental Fig. 7.

Mixed lymphocyte reaction

Naive CD4* T cells from C57BL/6 mice and APCs from C3H/He (H-2k) mice were obtained as in the proliferation
assay. 1 x 10°> APCs were irradiated with 15 Gy and plated with 1 x 10°> CT V-stained responder T cells in a 96-well
U-bottom-plate for 3 days. 1 ug/ml anti-CD3 antibody (BioLegend, San Diego, CA) was added per well. Cells
were plated without and with Sepiapterin (1 uM). Cells were analyzed on a BD LSRFortessa flow cytometer (BD
Bioscience, Heidelberg, Germany). Data were analyzed with Flow]Jo v 10.7.0 (Tree Star, Ashland, OR). The gating
strategy is presented in Supplemental Fig. 7.

Cytokine detection

For Luminex assays and ELISA, on day six after transplantation, sera from indicated recipients were collected
and stored at -20 °C. IL-2, IL-4, IL-6, IFN-y, and TNF-a were measured with ProcartaPlex™ multiplex, high
sensitivity Immunoassay, and TGF-[S, 1L-5, IL-13, IL-17a, IL-21, IL-22, IL-33, and TIM-3 were measured
with ProcartaPlex™ simplex kits according to the manufacturer’s instructions (both Thermo Fisher Scientific,
Invitrogen, Waltham, MA, USA). Cytokine levels of IL-9 were analyzed by high sensitivity sandwich ELISA
performed according to the manufacturer’s instructions. (Abcam, Cambridge, England). For in vitro assays,
IL-10 was measured with DuoSet” Mouse IL-10 (R&D Systems, Minneapolis, MN, USA) and IL-2, IFN-y, IL-
4, IL-5, IL-13 were measured with ProcartaPlex™ Mo Th1/Th2 & Chemokine Panel 1 20plex according to the
manufacturer s instructions (both Thermo Fisher Scientific, Invitrogen, Waltham, MA, USA).

Quantitative reverse transcription polymerase chain reaction

Total RNA from the snap-frozen heart tissue was extracted using the RNAII Kit (Macherey-Nagel, Diiren,
Germany), according to the manufacturer’s instructions. The quantification and purity of the extracted
RNAs were assessed using a Thermo Scientific Nano-Drop 2000 spectrophotometer (Brookfield, Wisconsin,
USA). Real-time reverse transcription polymerase chain reaction (RT-PCR) for gene expression analysis was
performed with the ABI PRISM 7500 Sequence Detection System (Life Technologies, Carlsbad, CA, USA).
Primers were purchased directly as Tagman” gene expression assays (Thermo Fisher Scientific, Waltham, MA,
USA) (Supplemental Table S2). The PCR reaction was performed in a final volume of 25 pl containing 1 ul of
cDNA, 12.5 pl of Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), 1 ul of fluorogenic hybridization
probe, 6 pl of primer mix, and 5.5 pl of distilled water. The amplification consisted of a two-step PCR (40 cycles;
15 s denaturation step at 95 °C and 1 min annealing/extension step at 60 °C). The mean CT values were calculated
from double determinations (excluding deviations>0.5 cycles), and samples were considered negative if the
CT values were >40 cycles. Specific gene expression was normalized to the housekeeping gene hypoxanthine-
guanine phosphoribosyltransferase (HPRT), given by the formula 2-2¢T,

Histology and immunohistochemistry

Tissues were fixed in 4% neutral buffered formalin for 12 h at room temperature, embedded in paraffin; 2 pm
sections were stained with hematoxylin and eosin (H&E) and scored according to the standards of the International
Society for Heart and Lung Transplantation (ISHLT) rejection score (no — mild — moderate - severe rejection)?!.
For immunohistochemistry, 2 pm paraffin tissue sections were stained manually using the listed rabbit anti-
mouse monoclonal primary antibodies (CD3 Abcam, ab16669, 1:50; CD4 Cell Signaling, #25229, 1:100; CD8
Cell Signaling, #98941, 1:50; CD25/IL-2Ra Cell Signaling, #36128, 1:100; FoxP3 Cell Signaling, #12653, 1:400)
for 1 h after heat mediated antigen retrieval (citrate buffer in an autoclave for 10 min). The visualization was
carried out with a Dako EnVision* System- HRP Labelled Polymer kit (K4003) for 30 min. All steps were carried
out at room temperature. Stained slides were digitally scanned by a Panoramic 250 Flash IIT scanning system
(3DHISTECH, Hungary) and evaluated on digital slides using the CaseViewer software (3DHISTECH, version
2.2, www.3dhistech.com, Hungary). Scoring was performed in hotspots in high magnification (63x) according
to the number of positive cells in the tissue area displayed by the monitor, with a score from 0 to 3.

Biopterin measurements by high performance liquid chromatography (HPLC)

Intragrafted BH4 concentrations were measured using the method described by Fukushima and Nixon?2. BH4
concentrations were calculated as the difference in biopterin concentrations under acidic and basic oxidation
conditions. Dihydrobiopterin plus biopterin (BH2 + B) concentrations were calculated as the difference between
the total intragraft biopterin and intragraft BH4 concentration.

Statistical analysis

GraphPad Prism 9.4.1 software (GraphPad, La Jolla, CA, USA) was used for statistical analysis of the data. Before
using parametric statistical tests, the required assumption of normality was tested using the Shapiro-Wilk test.
Depending on the normal distribution, ANOVA (with Dunnett’s post-hoc test) or Kruskal-Wallis test (with
Dunn’s post-hoc test) were chosen for multiple comparisons. For two-group comparisons, t-test or Wilcoxon
test (depending on data distribution; for paired datasets) or t-test or Mann-Whitney test (depending on data
distribution; for unpaired datasets) was used. The levels of significance: p<0.05 (*), p<0.01 (**) and p<0.001
(***) and p<0.0001 (***).
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Results

BHé4-treatment prolongs graft survival

First, we examined the effects of BH4 and CsA treatments on cardiac allograft survival. The untreated allografts
stopped beating on day seven post-transplantation, whereas all the syngeneic grafts survived for more than
15 days. The Kaplan-Meier survival curve indicated significantly prolonged survival of allografts in BH4-
treated mice (p=0.01) and CsA-treated mice (p=0.05) compared to untreated allogeneic grafts (Fig. 1B). BH4
administration resulted in a significant increase in BH4 levels in the sera of BH4-treated mice compared to all
other recipient animals (Fig. 1C).

BH4-treatment modulates T cell populations infiltrating the graft
We evaluated the infiltration of CD3* T cells into the grafts by histology. In line with less severe tissue destruction,
we revealed significantly reduced CD3* T lymphocyte infiltration after BH4 and CsA treatment compared to the
allogeneic control (Fig. 1D). Next, we analyzed the subtypes of CD3* T cells, such as CD8" and CD4* cells and
determined CD25, and FoxP3 expression in the grafts (Fig. 1E, E, G, H and Supplemental Fig. 1). The IHC score
of CD8 was significantly decreased in both, BH4- and CsA-treated animals compared to that in the allogeneic
control. The THC scores of CD4, CD25, the alpha chain of interleukin 2 receptor, and FoxP3, the transcription
marker of Tregs, showed no significant difference between allogeneic-transplanted controls and BH4-treated
animals but were significantly decreased in CsA-treated animals.

The most prominent cellular infiltrates and myocyte damage were seen in allogeneic transplanted grafts.
These infiltrates were significantly attenuated in CsA-treated animals, whereas BH4 treatment resulted in lower,
but not statistically significant, ISHLT scores compared to allogeneic controls (Supplemental Fig. 2).

BHé4-treatment is associated with increased frequencies of regulatory T cells and mast cells

in lymphoid organs

Compared to untreated controls and CsA-treated animals, CD4* CD25* FoxP3™ Tregs and MCs were significantly

increased in the spleen (Fig. 2A, B) and draining lymph nodes (Supplemental Fig. 3) of BH4-treated recipients.
In contrast, BH4 treatment significantly reduced the frequency of myeloid dendritic cells (DCs) in the spleen

(Fig. 2C) while we did not observe changes in CD3* T cells, NKp46* NK cells, and CD11b*CD11c™ myeloid

cells in BH4-treated mice compared to untreated controls (Fig. 2D, E, F). Compared to untreated controls, CsA-

treatment resulted in a significant decrease in the frequency of CD3* T cells and NKp46* NK cells, as well as in

a significant increase in the frequency of myeloid CD11b*CD11c" cells (Fig. 2D, E, F).

BH4-treatment induces proliferation of regulatory T cells but does not increase suppressor
capacity

For the in vitro experiments, we used the BH4-precursor sepiapterin (Schircks Laboratories, Jona, Switzerland)
instead of BH4. First, because it is known to be superior to BH4 in increasing cellular BH4 levels?3, and second,
because of the higher partial pressure of O* in standard cell cultures, BH4 is auto-oxidized and H,0, is formed,
resulting in BH4 independent effects that can be inhibited by catalase*’. In contrast, sepiapterin is taken up by
cells and converted to BH4, which requires sepiapterin reductase and dihydrofolate reductase for its conversion?.

In the in vitro proliferation assay, we showed that the proliferation of sepiapterin-treated Tregs was increased
compared to that of untreated controls (Fig. 3A, B). However, during MLR, the proliferation of sepiapterin-
treated CD4" T cells was unchanged compared to that of the control cells (Fig. 3C, D). Sepiapterin treatment
enhanced the proliferation of Tregs but not that of CD4"* T cells in an MLR.

Additionally, we investigated whether sepiapterin induces the suppressive capacity of Tregs. Tregs stained
with CTV showed increased proliferation under sepiapterin treatment compared to the controls (Fig. 3E, F,
Supplemental Fig. 8). However, in no ratio of Tregs to responder T cells we observed a modulation of suppression
of the activity of the responder T cells due to sepiapterin (Fig. 3G, H).

BH4 induces proliferation of mast cells

We carried out an in vitro proliferation experiment where we counted with trypan blue after ten days of culture
the amount of MCs generated from MC precursors with and without sepiapterin. As shown in Fig. 31, MCs
generated with sepiapterin significantly increased their cell numbers compared to untreated controls.

BH4-treatment modulates cytokine expressions

To assess whether serum cytokine levels changed after BH4-treatment compared with untreated allogeneic
controls, we collected sera from recipient mice on postoperative day 6. To examine cytokine expression in the
transplanted grafts, we performed RT-PCR.

BH4-treated mice showed significantly increased production of the anti-inflammatory cytokine IL-10 in
their sera compared to the allogeneic control. This is reflected in the transplanted grafts. Moreover, significantly
increased production of IL-4 and IL-5, two classical TH2 cytokines, was detected in the sera of BH4-treated
animals compared to non-treated controls. In addition, IL-4 expression was significantly upregulated in grafts.
Expression of IL-9, a cytokine also produced by Tregs and TH2 cells, was significantly upregulated in the grafts
of BH4-treated mice compared to that in control animals (Fig. 4A).

Pro-inflammatory cytokines exhibit a more complex pattern. While IFN-y in the serum and transplanted
organs of BH4-treated mice did not differ from controls, TNF-a was significantly downregulated in the
transplanted organs of BH4-treated animals. Moreover, in transplanted grafts of BH4-treated mice IL-6
expression tended to be less pronounced. IL-2 secretion in the sera of BH4-treated mice was significantly
downregulated compared with that in allogeneic control mice. This was reflected in the grafts of BH4-treated
animals but not to the same extent. CsA-treated mice displayed almost no IL-2 in their serum or graft (Fig. 4B).
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Fig. 2. Treatment effects on immune cell mobilization. Compared with untreated allogeneic control mice
significantly higher frequencies of (A) regulatory T cells and (B) mast cells were detected in spleens derived
from recipients treated with BH4 at day 6 post-transplantation. (C) Frequency of DCs was decreased in
BH4-treated animals compared to untreated allogeneic control mice. (D) CD3* T cells, (E) CD11b*CD11c”
myeloid cells and (F) NK cells in the spleen showed no statistical difference between the BH4-treated mice
and non-treated allogeneic control mice. Non-treated allogeneic control mice showed a statistical difference
with CsA-treated mice. Significant differences were observed between CsA- and BH4-treated mice in all six
analyzed populations (A-F). The p values are as follows: Tregs and MCs, p<0.0001; NK cells, p<0.001; CD3
T cells, p<0.01; myeloid cells and DCs, p<0.05 (not depicted). Statistically significant differences between
groups were tested applying the one-way ANOVA test with a Dunnett’s multiple comparison test. N=6-10/
group. Allogeneic and syngeneic controls were significantly different in A, D and E but not in B, C and D (not
depicted). Treg =regulatory T cells, MCs =mast cells, DCs = dendritic cells, NK = Natural Killer. Exact gating
strategy is shown is supplemental Figs. 5 and 6.
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In Fig. 4C, the mRNA expression levels of the transcription factors GATA-3 (TH2), T-bet (TH1), and FoxP3
(Tregs) in grafts are summarized. GATA-3 expression was upregulated in BH4 treated animals compared to that
in CsA-treated and non-treated mice. T-bet and FoxP3 expression in BH4-treated animals was in the range of
allogeneic controls, but was consistently higher than that in CsA-treated animals.

The cytokine expression in pan T cells in an in vitro assay with and without sepiapterin is shown in Fig. 5. We
did not observe a change in the TH1 cytokine INF-y in sepiapterin-treated cells compared to that in untreated
controls, but there was a slight increase in IL-12 p70 production. Of note, TH2 cytokines, IL-4, IL-13, and the
immunosuppressive cytokine IL-10, were significantly upregulated in sepiapterin-treated cells. IL-5 showed a
trend toward sepiapterin-treated cells producing more IL-5. However, this trend was not significant.

BH4-treatment does not prolong graft survival in TPH17/ ~ mice

In view of the observed increased frequency of MCs, we transplanted wild-type grafts into TPH1~/~ recipient
mice to test whether MC-derived TPHI1 could emerge as a treatment target for BH4. As illustrated in Fig. 6A,
wild-type hearts transplanted into TPH1~/~ recipient mice stopped beating on day 8 (median). Similarly, in the
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«Fig. 3. In vitro proliferation assay, suppressor assay and mixed lymphocyte reaction (A,B) Proliferation
analysis of sepiapterin-treated (red) or control (black) murine induced regulatory T cells showing CFSE
staining patterns of FoxP3* T cells. Herein, we observed an increased proliferation under sepiapterin
treatment displayed by a representative CFSE histogram (A) as well as using the proliferation index, division
index, expansions index and replication index (B). Sepiapterin concentration was 1pM. (C,D) Proliferation
analysis of sepiapterin-treated (red) and control (black) CD4* T cells of C57BL/6 mice in a mixed lymphocyte
reaction with C3H/He antigen presenting cells (APCs) as responder cells. Sepiapterin treatment had no
impact on the activation of CD4* T cells shown by the CFSE histogram (C) and the calculated proliferation
index (D). (E,F) Proliferation analysis of sepiapterin-treated (red) or control (black) regulatory T cells during
a T cell suppressor assay using cell tracer violet (CTV) stained regulatory T cells (Tregs) and CFSE stained
responder T cells (Tresp). Left peak in the graphs are the CFSE stained responder T cells and the right peak
depicts the regulatory T cells, which displayed an increased proliferation under sepiapterin treatment shown
in the histogram (E) as well as using the proliferation index (F). While the Tregs efficiently suppressed the
Tresp, sepiapterin treatment did not result in any changes as seen in the histograms (G) or in the calculated
proliferation indices (H). T cell suppression analysis of sepiapterin-treated (red) or control (black) regulatory
T cells showing CFSE staining patterns of responder T cells (Tresp). While the Tregs efficiently suppressed the
Tresp, sepiapterin treatment did not result in any changes (G, H). Left peak in 1:1 and 8:1 graphs are the CTV
stained Tregs and the right peak depicts Tresp. (I) Proliferation of peritoneal-derived mast cell precursors after
10 days of culture with and without sepiapterin. Initially 2 x 106 cells were seeded in a 25 cm? flask. On day
10 total amount of cells was counted with trypan blue. Sepiapterin concentration = 1uM. Differences between
control and sepiapterin-treated regulatory T cells (n=3/group) and sepiapterin-treated mast cells (n=4/group)
were calculated by paired t tests.

wild-type setting, TPH1~/~ recipient mice treated with either BH4 or CsA experienced increased graft survival
compared with non-treated recipients; however, this difference was not statistically significant. All syngeneic
grafts displayed indefinite survival. BH4 levels in TPH1~/~ mice were controlled by HPLC and were clearly
increased (Fig. 6B).

Discussion

In this study, we confirmed the immunosuppressive effect of BH4 in a solid organ transplantation model
and elucidated distinct mechanistic differences with regard to immunomodulation when compared to the
calcineurin inhibitor CsA. BH4-treatment results in (I) increased expression of FoxP3 in the allograft, (II)
increased frequencies of Tregs in the spleen and lymph nodes, (III) increased proliferation of Tregs in vitro, (IV)
increased levels of IL-10, IL-4 and IL-5 and (V), increased frequency of MCs in the spleen and in vitro. Finally,
(VI) our data do not support MC-derived TPH-1 as a treatment target for BH4.

A recent study described BH4 as a critical regulator of T cell biology and suggested that BH4 boosted the
proliferation of T cells, IL-2 secretion, and autoimmune responses®®. Here we see that allografts of BH4-treated
animals result in a longer survival compared to allogeneic controls, which refers to a previously described potent
immunosuppressive effect of BH41%11:24 rather than to a general ,,immune boost”. This is reflected by a lower
amount of IL-2 in the transplanted grafts and sera in BH4-treated recipients than in allogeneic controls and
by a clearly lower amount and frequency of infiltrating T cells found in the allografts. The observed mRNA
expression of FoxP3 in the allograft, as well as the increased numbers of Tregs in the spleen and lymph nodes
of BH4-treated recipients, could possibly support this interpretation. IHC showed that infiltration of FoxP3*
was unchanged in BH4-treated animals compared to untreated allogeneic controls; however, CD3* T cells were
significantly lower. This might reflect an indirect immunosuppressive effect of BH4 which is different from the
calcineurin inhibitor CsA, culminating in a change in the proportion of different T-cell subsets infiltrating the
allograft. If BH4 treatment would preferentially expand Tregs in a transplant model, as our data suggest, this
could create a suppressive microenvironment that limits the accumulation of CD8 + cells in the graft. In this
regard, enhancing Tregs numbers has been observed to result in reduced infiltration of effector T cells?’~%.

Similarly, we demonstrated Treg-specific modulation of BH4. In vitro, the proliferation of sepiapterin-treated
Tregs was increased compared to untreated controls, and during an MLR with CD4" T cells proliferation of
sepiapterin-treated CD4* T cells was unchanged compared to control cells. It can therefore be concluded, that
CD4" T cells, in contrast to Tregs, are not stimulated to proliferate by sepiapterin, at least in the specific situation
of an MLR. In this study we cannot provide any evidence that sepiapterin acts directly on Tregs or on naive
CD4+T cells specifically. It has been, however, observed that any immune modulation by sepiapterin likely
requires or follows T cell activation. Therefore, CD3- and CD28-activated naive T cells or their metabolites could
mediate the effects on iTregs?®3C.

Furthermore, we were able to demonstrate increased Treg proliferation under BH4-treatment compared to
controls, without influencing the suppressive capacity of BH4-treated Tregs. A possible explanation for BH4
differently stimulating Tregs and effector T cells could be their different metabolism, fatty acid oxidation,
and aerobic glycolysis®!. A recent study reported that reduced BH4 levels in cardiomyocytes resulted in the
downregulation of genes involved in fatty acid metabolism and the upregulation of genes associated with
glycolysis. The NO-independent effect of BH4 in macrophages was further characterized by a decrease in
the protein levels of key enzymes involved in fatty acid oxidation, such as acyl-CoA synthetase and acyl-CoA
dehydrogenase®.

The importance of this observation relies on the fact that active suppression by Tregs, which drives mechanisms
such as the modulation of DC function, inhibitory cytokine release, cytolysis, and metabolic disruption, is crucial
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for the induction and maintenance of self-tolerance and immune hypo-responsiveness towards the allograft®>34.
Tregs can prevent allograft rejection and the development of immunosuppressive drugs selectively promoting
Tregs generation and function is an approach that can inhibit the activity of effector T cells*.

Recently, several groups revealed that innate immune cells, including MCs, play a pivotal role in allograft
rejection®3°. and migrate from the graft to the draining lymph nodes during the early phase of organ
transplantation®’. In this regard, it is interesting to observe that the frequency of MCs is also significantly
increased in the spleens and lymph nodes of BH4-treated animals compared to untreated allogeneic controls.
Correspondingly, our in vitro data showed an increased proliferation of MCs following sepiapterin treatment.
Unfortunately, MC staining within transplanted organs did not result in a reliable score. Based on these data and
the observation that the MC-derived BH4-dependent aromatic amino acid hydroxylase, TPH-1, is involved in
tolerance induction!?, we hypothesized that TPH-1 could be the target of BH4 in our model.

However, although TPHI1-/- recipient mice treated with BH4 showed increased graft survival compared to
untreated recipients, the difference was not significant. In this regard, a TPH-1 independent effect of BH4 on
MC:s cannot be excluded and will be the focus of future research efforts.
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«Fig. 4. Treatment effects on transplanted hearts and serum cytokine levels. (A) In sera cytokine levels of
IL-10, IL-4 and IL-5 were significantly increased following BH4 treatment. IL-9 showed no differences
between the groups. Assessment of intragraft mRNA profile revealed a significant increase of IL-10, IL-4 and
IL-9 but not of IL-5 in BH4 treated animals compared to untreated allogeneic controls. CsA-treated animals
displayed no significant changes in their cytokine expression neither in sera nor in intragraft mRNA profile
compared to untreated allogeneic controls. Only IL-10 is significantly downregulated in the transplant in
CsA-treated animals compared to untreated allogeneic controls. (B) The pro-inflammatory cytokine IL-2
was significantly reduced in the sera and in the intragraft mRNA profile of BH4-treated and CsA-treated
transplants. IFN-y appeared unchanged in both serum and intragraft mRNA profiles in BH4-treated mice
compared to untreated allogeneic-transplanted mice in contrast to CsA-treated animals. TNF-a of intragraft
mRNA profile was significantly decreased in the BH4-treated group and CsA-treated group compared to
untreated allogeneic mice, however, this was not reflected in sera of BH4-treated and Csa-treated mice. IL-6
expression in BH4-treated and CsA-treated animals was unchanged compared to untreated allogeneic controls
in intragrafts and in sera. (C) Transcription factor GATA-3 was significantly upregulated in BH4 treated
animals compared to untreated allogeneic control mice and significantly donwnregulated in CsA-treated
mice compared with untreated allogeneic controls. Furthermore, T-bet showed no difference in BH4 treated
animals compared to untreated allogeneic controls but significant difference to CsA-treated animals. FoxP3
mRNA expression in BH4 treated mice is in the same range as in untreated allogeneic transplanted animals,
but significantly downregulated in CsA-treated animals. Significant differences were observed between CsA-
and BH4-treated mice. The p values are as follows: Gata-3, p<0.000.1; T-bet, p <0.00.1; FoxP3, p<0.05 (not
depicted). Statistically significant differences between groups were tested applying the one-way ANOVA test
with a Dunnett’s multiple comparison test. Results are presented as Mean + SD. N=4-6/group. Allogeneic and
syngeneic controls were significantly different in sera of IL-2, IFN- y and in intragraft mRNA profiles of IL-10,
IL-9, IL-2, IEN- y, TNF-a, GATA-3, T-bet and FoxP3 (not depicted).
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Fig. 5. Cytokine expression in an in vitro assay with aCD3/aCD28 stimulated pan T cells with and without
sepiapterin treatment. Cell culture supernatants were analyzed on day 3 of stimulation. 1uM sepiapterin was
used. Cytokine levels of IL-4, IL-12, IL-13 and IL-10 were increased following sepiapterin treatment. IFN-y and
IL-5 showed no difference between the groups. Mean with SEM is shown. Statistically significant differences
between groups were tested applying a paired t-test. N=3 independent experiments.
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Fig. 6. Treatment effects on cardiac allograft survival of THP-/- mice and intragraft BH4 concentrations.
(A) Compared with untreated allogeneic control animals, BH4 treated recipients and CsA treated recipients
showed no significantly improved survival of heart grafts. N=>5 (B) Intragraft BH4 concentrations of BH4-
treated TPH-/- mice were significantly increased compared to non-treated allogeneic TPH-/- mice and are
presented as Mean £ SEM. N=5. The survival data were analysed by a Log-rank test and are presented as a
Kaplan-Meier survival curve. Statistically significant differences between groups were tested applying the
Kruskal-Wallis test with Dunn’s post-hoc test.

In our study, the frequency of DCs in the spleens of BH4-treated animals was significantly reduced compared
with that in untreated allogeneic controls. This was also observed in the BH4-treated animals that did not
undergo transplantation (Supplemental Fig. 4). Furthermore, CsA-treated recipients displayed a slightly reduced
frequency of DCs in their spleens. Impaired migration of DCs into the T-cell areas of draining lymph nodes and
spleens following CsA-treatment has already been observed*!. One could speculate that in our model, DCs of
BH4-treated mice also displayed impaired migration towards lymphoid organs. Interestingly, an in vitro study
showed that an amino-derivate of BH4, rather than BH4 itself, interferes with the antigen-presenting function of
DCs. However, we cannot exclude the possibility that the observed effects were related to the redox activity of the
compound*?. Further work are required to clarify this interesting aspect of BH4-treatment in an in vivo model.

In addition to the modulation in the frequency of innate and adaptive immune cells, we observed a
modification of cytokine expression in the allograft tissue and in the sera of BH4-treated mice. IL-10 was
significantly upregulated in the allograft and sera of BH4-treated mice compared to that in untreated allogeneic
controls. Furthermore, IL-10 levels were significantly increased in pan T cells incubated with sepiapterin in vitro.
This is in line with the observation that IL-10 inhibits ischemia/reperfusion injury®, extends graft survival and
function**~*” and is essential for the action of Tregs in mediating tolerance in some transplant models*3.

In our study, IL-4 and IL-5, two main cytokines of the TH2 response, and IL-9, linked to TH2 cells but also
produced by Tregs**°, were significantly increased in the allografts (IL-4 and IL-9) and sera (IL-4 and IL-5) of
BH4-treated mice. Similarly, GATA-3, the transcription factor that identifies TH2 cells, was also significantly
increased in the BH4-treated group compared to that in untreated allogeneic-transplanted animals. In in vitro
experiments, pan T cells stimulated with sepiapterin expressed higher levels of IL-4 and IL-13 than those
without stimulation. TH2 responses have been shown to promote transplant tolerance®®*!, Furthermore, TH2
cytokines are known to attenuate the severity of allograft rejection by inhibiting TH1-mediated cytotoxic T
lymphocyte and delayed-type hypersensitivity responses. Although tolerizing immunosuppressive therapies
often downregulates TH1 but not TH2 responses®>>*, TH2 cytokines per se are not indicators of graft survival.
In this regard, while there are studies that demonstrate a protective effect of TH2 cytokines on the allograft®*->
others have proposed the balance between TH1 and TH2 cytokines as a crucial factor affecting the function and
type of Tregs®-%2,

Notably, in the allografts of BH4-treated animals, although significantly decreased compared to allogeneic
controls, IL-2 expression was still detected to a sufficient extent, which is of utmost importance for Treg function
and proliferation®*-71,

Moreover, the expression of the pro-inflammatory cytokines TNF-a and to a lesser extent, IL-6 was reduced
compared with that in untreated allogeneic controls suggesting a modulation towards a TH2 like cytokine milieu.
Interestingly, in the graft, the classical TH1 cytokine IFN-y was not affected by BH4 or sepiapterin treatment in
our in vivo and in vitro models and the transcription factor for the development of TH1 cell expression of T-bet
was in the range of untreated allograft controls. So, rather than a switch from TH1 to TH2 BH4 or sepiapterin
treatment might induce a modulation of the balance between TH1 and Th2 cytokine. It is worth mentioning that
in renal transplant recipients Tregs have been shown to produce IFN-y’>7® and could therefore, at least in part,
be responsible for the observed IFN-y.
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In conclusion, our data suggest that the immunosuppressive role of BH4 relies on influencing the interaction
between the innate and adaptive immune systems, the proliferative effect on Tregs and mast cells, and the
modulation of the cytokine balance. The treatment target of BH4 in acute allograft rejection has not yet been
established. However, in light of the already approved treatment with the orally active synthetic BH4-analogon
sapropterin dihydrochloride for patients with BH4-deficient phenylketonuria’, further dissection of the
observed immunomodulatory property could pave the way towards a new clinical application for BH4 designed
to exploit potential synergistic effect with CsA.

Data availability
The datasets analyzed during the current study are available from the corresponding author on reasonable re-
quest.

Received: 15 October 2024; Accepted: 12 September 2025
Published online: 16 October 2025

References

1. Black, C. K., Termanini, K. M., Aguirre, O., Hawksworth, J. S. & Sosin, M. Solid organ transplantation in the 21(st) century. Ann.
Transl Med. 6 (20), 409 (2018).

2. Ekberg, H. et al. Reduced exposure to calcineurin inhibitors in renal transplantation. N Engl. J. Med. 357 (25), 2562-2575 (2007).

3. Halloran, P. FE. Immunosuppressive drugs for kidney transplantation. N Engl. J. Med. 351 (26), 2715-2729 (2004).

4. Noble, J., Terrec, E, Malvezzi, P. & Rostaing, L. Adverse effects of immunosuppression after liver transplantation. Best Pract. Res.
Clin. Gastroenterol. 54-55, 101762 (2021).

5. Cardini, B. et al. Crucial role for neuronal nitric oxide synthase in early microcirculatory derangement and recipient survival
following murine pancreas transplantation. PLoS One. 9 (11), e112570 (2014).

6. Maglione, M. et al. Prevention of lethal murine pancreas ischemia reperfusion injury is specific for tetrahydrobiopterin. Transpl.
International: Official . Eur. Soc. Organ. Transplantation. 25 (10), 1084-1095 (2012).

7. Maglione, M. et al. Tetrahydrobiopterin attenuates microvascular reperfusion injury following murine pancreas transplantation.
Am. J. Transpl. 6 (7), 1551-1559 (2006).

8. Maglione, M. et al. Donor pretreatment with tetrahydrobiopterin saves pancreatic isografts from ischemia reperfusion injury in a
mouse model. Am. J. Transplantation: Official . Am. Soc. Transplantation Am. Soc. Transpl. Surg. 10 (10), 2231-2240 (2010).

9. Oberhuber, R. et al. Impaired endothelial nitric oxide synthase homodimer formation triggers development of transplant
Vasculopathy - Insights from a murine aortic transplantation model. Sci. Rep. 6, 37917 (2016).

10. Ionova, I. A. et al. Cardiac myocyte-specific overexpression of human GTP cyclohydrolase I protects against acute cardiac allograft
rejection. Am. J. Physiol. Heart Circ. Physiol. 299 (1), H88-96 (2010).

11. Pieper, G. M. et al. Sepiapterin decreases acute rejection and apoptosis in cardiac transplants independently of changes in nitric
oxide and inducible nitric-oxide synthase dimerization. J. Pharmacol. Exp. Ther. 329 (3), 890-899 (2009).

12. Brandacher, G. et al. Tetrahydrobiopterin compounds prolong allograft survival independently of their effect on nitric oxide
synthase activity. Transplantation 81 (4), 583-589 (2006).

13. Nowak, E. C. et al. Tryptophan hydroxylase-1 regulates immune tolerance and inflammation. J. Exp. Med. 209 (11), 2127-2135
(2012).

14. Galli, S. J. et al. Mast cells as tunable effector and immunoregulatory cells: recent advances. Annu. Rev. Immunol. 23, 749-786
(2005).

15. Leslie, M. Mast cells show their might. Sci. (New York NY). 317 (5838), 614-616 (2007).

16. Percie du Sert, N. A. O. et al. Reporting animal research: explanation and elaboration for the ARRIVE guidelines 2.0. (1545-7885
(Electronic)).

17. Oberhuber, R. et al. Murine cervical heart transplantation model using a modified cuff technique. J. Vis. Exp. 92, 50753 (2014).

18. Quabh, B. J., Warren Hs Fau -, Parish, C. R. & Parish, C. R. Monitoring lymphocyte proliferation in vitro and in vivo with the
intracellular fluorescent dye Carboxyfluorescein diacetate succinimidyl ester. (1750-2799 (Electronic)).

19. Watschinger, K. et al. Identification of the gene encoding alkylglycerol monooxygenase defines a third class of tetrahydrobiopterin-
dependent enzymes. (1091-6490 (Electronic)).

20. Vukman, K. V., Metz, M., Maurer, M. & O’Neill, S. M. Isolation and culture of peritoneal Cell-derived mast cells. Bio-protocol 4 (4),
1052 (2014).

21. Stewart, S. et al. Revision of the 1990 working formulation for the standardization of nomenclature in the diagnosis of heart
rejection. J. Heart Lung Transplantation: Official Publication Int. Soc. Heart Transplantation. 24 (11), 1710-1720 (2005).

22. Fukushima, T. & Nixon, J. C. Analysis of reduced forms of biopterin in biological tissues and fluids. Anal. Biochem. 102 (1),
176-188 (1980).

23. Sawabe, K., Wakasugi Ko Fau -, Hasegawa, H. & Hasegawa, H. Tetrahydrobiopterin uptake in supplemental administration:
elevation of tissue tetrahydrobiopterin in mice following uptake of the exogenously oxidized product 7,8-dihydrobiopterin and
subsequent reduction by an anti-folate-sensitive process. 1347-8613.

24. Thoeni, G., Werner, E. R. & Werner-Felmayer, G. Tetrahydropteridines suppress gene expression and induce apoptosis of activated
RAW264.7 cells via formation of hydrogen peroxide. Free Radic Biol. Med. 37 (3), 375-385 (2004).

25. Hasegawa, H. et al. Delivery of exogenous tetrahydrobiopterin (BH4) to cells of target organs: role of salvage pathway and uptake
of its precursor in effective elevation of tissue BH4. 1096-7192.

26. Cronin, S. J. E et al. The metabolite BH4 controls T cell proliferation in autoimmunity and cancer. Nature 563 (7732), 564-568
(2018).

27. Mavin, E. et al. Regulatory T cells inhibit CD8(+) T-cell tissue invasion in human skin graft-versus-host reactions. (1534-6080
(Electronic)).

28. Lee & MKt Moore Dj Fau - Jarrett BP, Jarrett Bp Fau - Lian MM, Lian Mm Fau - Deng S, Deng S Fau - Huang X, Huang X Fau -
Markmann JW, et al. Promotion of allograft survival by CD4 + CD25 + regulatory T cells: evidence for in vivo inhibition of effector
cell proliferation. 0022-1767.

29. Lee, K., Nguyen, V. & Fau - Lee, K. M. Lee Km Fau - Kang SM, Kang Sm Fau - Tang Q, Tang Q. Attenuation of donor-reactive T
cells allows effective control of allograft rejection using regulatory T cell therapy. (1600-6143 (Electronic)).

30. Zschiebsch, K. et al. Tetrahydrobiopterin attenuates DSS-evoked colitis in mice by rebalancing redox and lipid signalling. (1876-
4479 (Electronic)).

31. Tran,D.T., Sundararaj, K., Atkinson, C. & Nadig, S. N. T-cellimmunometabolism: therapeutic implications in organ transplantation.
(1534-6080 (Electronic)).

32. Chu, S. M. et al. Cardiomyocyte tetrahydrobiopterin synthesis regulates fatty acid metabolism and susceptibility to ischaemia-
reperfusion injury. (1469-445X (Electronic)).

Scientific Reports |

(2025) 15:36278 | https://doi.org/10.1038/s41598-025-20127-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

43.
. Cypel, M. et al. Functional repair of human donor lungs by IL-10 gene therapy. Sci. Transl Med. 1 (4), 4ra9 (2009).
45.
46.
47.
48.

49.
50.

51.

52.

53.
54.

55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
. Malek, T. R. & Bayer, A. L. Tolerance, not immunity, crucially depends on IL-2. Nat. Rev. Immunol. 4 (9), 665-674 (2004).
69.
70.
71.

72.

73.

74.

. Kawai, K., Uchiyama, M., Hester, J., Wood, K. & Issa, E Regulatory T cells for tolerance. Hum. Immunol. 79 (5), 294-303 (2018).

. Wood, K. J. Regulatory T cells in transplantation. Transpl. Proc. 43 (6), 2135-2136 (2011).

. Wood, K. J., Bushell, A. & Hester, J. Regulatory immune cells in transplantation. Nat. Rev. Immunol. 12 (6), 417-430 (2012).

. Elieh Ali Komi, D. & Ribatti, D. Mast cell-mediated mechanistic pathways in organ transplantation. Eur. . Pharmacol. 857, 172458

(2019).

. Zelenika, D. et al. The role of CD4+ T-cell subsets in determining transplantation rejection or tolerance. Immunol. Rev. 182,

164-179 (2001).

. Waldmann, H. Immunology: protection and privilege. Nature 442 (7106), 987-988 (2006).
. Lu, L. E et al. Mast cells are essential intermediaries in regulatory T-cell tolerance. Nature 442 (7106), 997-1002 (2006).
. Bond, G., Nowocin, A., Sacks, S. H. & Wong, W. Kinetics of mast cell migration during transplantation tolerance. Transpl. Immunol.

32 (1), 40-45 (2015).

. Chen, T. et al. Cyclosporin A impairs dendritic cell migration by regulating chemokine receptor expression and inhibiting

cyclooxygenase-2 expression. Blood 103 (2), 413-421 (2004).

. Thoeni, G. et al. Tetrahydro-4-aminobiopterin attenuates dendritic cell-induced T cell priming independently from inducible

nitric oxide synthase. J. Immunol. 174 (12), 7584-7591 (2005).
Deng, J. et al. Interleukin-10 inhibits ischemic and cisplatin-induced acute renal injury. Kidney Int. 60 (6), 2118-2128 (2001).

Feng, X. et al. IL-10/Fc inhibits macrophage function and prolongs pancreatic islet xenograft survival. Transplantation 68 (11),
1775-1783 (1999).

Iwami, D. et al. Purified eicosapentaenoic acid induces prolonged survival of cardiac allografts and generates regulatory T cells.
Am. J. Transpl. 9 (6), 1294-1307 (2009).

Zuo, Z. et al. Prolongation of allograft survival with viral IL-10 transfection in a highly histoincompatible model of rat heart
allograft rejection. Transplantation 71 (5), 686-691 (2001).

Hara, M. et al. IL-10 is required for regulatory T cells to mediate tolerance to alloantigens in vivo. J. Immunol. 166 (6), 3789-3796
(2001).

de Vries, V. C. et al. Mast cell degranulation breaks peripheral tolerance. Am. J. Transpl. 9 (10), 2270-2280 (2009).

Barbara, J. A. et al. Islet allograft rejection can be mediated by CD4+, alloantigen experienced, direct pathway T cells of TH1 and
TH2 cytokine phenotype. Transplantation 70 (11), 1641-1649 (2000).

Plain, K. M., Chen, J., Merten, S., He, X. Y. & Hall, B. M. Induction of specific tolerance to allografts in rats by therapy with non-
mitogenic, non-depleting anti-CD3 monoclonal antibody: association with TH2 cytokines not anergy. Transplantation 67 (4),
605-613 (1999).

Piccotti, . R., Chan, S. Y., VanBuskirk, A. M., Eichwald, E. J. & Bishop, D. K. Are Th2 helper T lymphocytes beneficial, deleterious,
or irrelevant in promoting allograft survival? Transplantation 63 (5), 619-624 (1997).

Strom, T. B. et al. The Th1/Th2 paradigm and the allograft response. Curr. Opin. Immunol. 8 (5), 688-693 (1996).

Chan, S. Y, DeBruyne, L. A, Goodman, R. E., Eichwald, E. J. & Bishop, D. K. In vivo depletion of CD8+T cells results in Th2
cytokine production and alternate mechanisms of allograft rejection. Transplantation 59 (8), 1155-1161 (1995).

Cunningham, D. A, Dunn, M. J,, Yacoub, M. H. & Rose, M. L. Local production of cytokines in the human cardiac allograft. A
sequential study. Transplantation 57 (9), 1333-1337 (1994).

Mulligan, M. S. et al. Regulatory role of Th-2 cytokines, IL-10 and IL-4, in cardiac allograft rejection. Exp. Mol. Pathol. 69 (1), 1-9
(2000).

Salom, R., Brookes, P., Hornick, P. & Lechler, R. High frequency of alloreactive T cells is a consequence of the presentation of many
peptides by allogeneic MHC molecules. Transpl. Proc. 27 (6), 3579 (1995).

Yamamoto, Y. et al. Effects of glycyrrhizic acid in licorice on prolongation of murine cardiac allograft survival. Transpl. Proc. 54 (2),
476-481 (2022).

Hall, B. M. et al. Interleukin-5 (IL-5) therapy prevents allograft rejection by promoting CD4(+)CD25(+) Ts2 regulatory cells that
are Antigen-Specific and express IL-5 receptor. Front. Immunol. 12, 714838 (2021).

Tran, G. T. et al. IL-5 promotes induction of antigen-specific CD4+CD25+ T regulatory cells that suppress autoimmunity. Blood
119 (19), 4441-4450 (2012).

Tran, G. T. et al. Interleukin-5 mediates Parasite-Induced protection against experimental autoimmune encephalomyelitis:
association with induction of Antigen-Specific CD4(+)CD25(+) T regulatory cells. Front. Immunol. 8, 1453 (2017).

Verma, N. D. et al. CD4+CD25+T cells alloactivated ex vivo by IL-2 or IL-4 become potent alloantigen-specific inhibitors of
rejection with different phenotypes, suggesting separate pathways of activation by Th1 and Th2 responses. Blood 113 (2), 479-487
(2009).

Aoki, C. A. et al. IL-2 receptor alpha deficiency and features of primary biliary cirrhosis. . Autoimmun. 27 (1), 50-53 (2006).
Furlan, S. N. et al. IL-2 enhances ex vivo-expanded regulatory T-cell persistence after adoptive transfer. Blood Adv. 4 (8), 1594
1605 (2020).

Hippen, K. L. et al. In vitro induction of human regulatory T cells using conditions of low Tryptophan plus kynurenines. Am. J.
Transpl. 17 (12), 3098-3113 (2017).

Koreth, J. et al. Efficacy, durability, and response predictors of low-dose interleukin-2 therapy for chronic graft-versus-host disease.
Blood 128 (1), 130-137 (2016).

Koreth, J. et al. Interleukin-2 and regulatory T cells in graft-versus-host disease. N Engl. J. Med. 365 (22), 2055-2066 (2011).

Thornton, A. M., Donovan, E. E., Piccirillo, C. A. & Shevach, E. M. Cutting edge: IL-2 is critically required for the in vitro activation
of CD4+CD25+T cell suppressor function. J. Immunol. 172 (11), 6519-6523 (2004).

Zeiser, R. & Negrin, R. S. Interleukin-2 receptor downstream events in regulatory T cells: implications for the choice of
immunosuppressive drug therapy. Cell. Cycle. 7 (4), 458-462 (2008).

Flores, C., Fouquet, G., Moura, L. C., Maciel, T. T. & Hermine, O. Lessons to learn from low-dose cyclosporin-A: A new approach
for unexpected clinical applications. (1664-3224 (Electronic)).

Trojan, K. et al. IFNy + and IFNy- Treg subsets with stable and unstable Foxp3 expression in kidney transplant recipients with good
long-term graft function. LID - S0966-3274(16)30124-1 [pii] LID. (1878-5492 (Electronic)). https://doi.org/10.1016/j.trim.10.003
(2016).

Daniel, V. et al. CD4(+)CD25(+)Foxp3(+)IFNy(+) Treg are immunosuppressive in vitro and increase with intensity of the
alloresponse in pretransplant MLC. (1878-5492 (Electronic)).

Opladen, T. et al. Consensus guideline for the diagnosis and treatment of tetrahydrobiopterin (BH(4)) deficiencies. Orphanet J.
Rare Dis. 15 (1), 126 (2020).

Author contributions

S.E., B.T, EN,, MR.T, A VN, B.C, G.S,, G.C.T.-T,, K.N,, K.L. and N.A. performed the experiments; S.E., B.T.,
EN. and M.R.T. analyzed the data and prepared the figures; S.E., B.T,, B.C.,].T., D.0O.,S.S., G.B. and M.M. draft-
ed and revised the manuscript; K.W., ER.W., and M.M. designed the study, and all authors approved the final
version of the manuscript.

Scientific Reports|  (2025) 15:36278 | https://doi.org/10.1038/s41598-025-20127-1 nature portfolio


https://doi.org/10.1016/j.trim.10.003
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Funding
This work was funded by a grant from Tiroler Wissenschaftsfond (no. UNI-0404/1956) to M.M.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-20127-1.

Correspondence and requests for materials should be addressed to M.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:36278 | https://doi.org/10.1038/s41598-025-20127-1 nature portfolio


https://doi.org/10.1038/s41598-025-20127-1
https://doi.org/10.1038/s41598-025-20127-1
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Tetrahydrobiopterin enhances regulatory T- and mast cell proliferation and alters cytokines expression in a murine heart transplant model
	﻿Materials and methods
	﻿Mice
	﻿Heart transplantation and experimental design
	﻿Flow cytometry
	﻿Proliferation assays
	﻿Suppressor assay
	﻿Mixed lymphocyte reaction
	﻿Cytokine detection
	﻿Quantitative reverse transcription polymerase chain reaction
	﻿Histology and immunohistochemistry
	﻿Biopterin measurements by high performance liquid chromatography (HPLC)
	﻿Statistical analysis

	﻿Results
	﻿BH4-treatment prolongs graft survival
	﻿BH4-treatment modulates T cell populations infiltrating the graft
	﻿BH4-treatment is associated with increased frequencies of regulatory T cells and mast cells in lymphoid organs
	﻿BH4-treatment induces proliferation of regulatory T cells but does not increase suppressor capacity
	﻿BH4 induces proliferation of mast cells
	﻿BH4-treatment modulates cytokine expressions
	﻿BH4-treatment does not prolong graft survival in TPH1﻿−﻿/ ﻿−﻿ mice

	﻿Discussion
	﻿References


