
Citation: Hu, M.; Alashkar Alhamwe,

B.; Santner-Nanan, B.; Miethe, S.;

Harb, H.; Renz, H.; Potaczek, D.P.;

Nanan, R.K. Short-Chain Fatty Acids

Augment Differentiation and

Function of Human Induced

Regulatory T Cells. Int. J. Mol. Sci.

2022, 23, 5740. https://doi.org/

10.3390/ijms23105740

Academic Editor: Antonio

F. Campese

Received: 18 April 2022

Accepted: 16 May 2022

Published: 20 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Short-Chain Fatty Acids Augment Differentiation and Function
of Human Induced Regulatory T Cells
Mingjing Hu 1,2,3,4,†, Bilal Alashkar Alhamwe 2,5,6,7,† , Brigitte Santner-Nanan 1,2, Sarah Miethe 6,8,
Hani Harb 2,6,9 , Harald Renz 2,6 , Daniel P. Potaczek 2,6,8,‡ and Ralph K. Nanan 1,2,*,‡

1 Charles Perkins Centre Nepean, Sydney Medical School Nepean, The University of Sydney,
Sydney, NSW 2747, Australia; mihu9213@uni.sydney.edu.au (M.H.); brigitte.nanan@sydney.edu.au (B.S.-N.)

2 International Inflammation (in-VIVO) Network, Worldwide Universities Network (WUN),
West New York, NJ 10001, USA; bilal.alashkaralhamwe@staff.uni-marburg.de (B.A.A.); hani.harb@ukdd.de (H.H.);
renzh@med.uni-marburg.de (H.R.); daniel.potaczek@staff.uni-marburg.de (D.P.P.)

3 Discipline of Obstetrics, Gynaecology and Neonatology, Sydney Medical School Nepean, The University of
Sydney, Sydney, NSW 2747, Australia

4 Nepean Hospital, Derby Street, Kingswood, NSW 2747, Australia
5 Institute for Tumor Immunology, Clinic for Hematology, Immunology, and Oncology, Philipps University

Marburg, 35043 Marburg, Germany
6 Institute of Laboratory Medicine, Philipps University of Marburg-Medical Faculty, Member of the German

Center for Lung Research (DZL), and the Universities of Giessen and Marburg Lung Center (UGMLC),
35043 Marburg, Germany; sarah.miethe@staff.uni-marburg.de

7 College of Pharmacy, International University for Science and Technology (IUST), Daraa 15, Syria
8 Translational Inflammation Research Division & Core Facility for Single Cell Multiomics, Philipps University

of Marburg-Medical Faculty, Member of the German Center for Lung Research (DZL) and the Universities of
Giessen and Marburg Lung Center (UGMLC), 35043 Marburg, Germany

9 Institute of Medical Microbiology and Virology, Medical Faculty, Technische Universität Dresden,
01307 Dresden, Germany

* Correspondence: ralph.nanan@sydney.edu.au; Tel.: +61-2-4734-2612; Fax: +61-2-4734-1144
† These authors contributed equally to this work.
‡ These authors contributed equally to this work.

Abstract: Regulatory T cells (Tregs) control immune system activity and inhibit inflammation. While,
in mice, short-chain fatty acids (SCFAs) are known to be essential regulators of naturally occurring
and in vitro induced Tregs (iTregs), data on their contribution to the development of human iTregs
are sparse, with no reports of the successful SCFAs-augmented in vitro generation of fully functional
human iTregs. Likewise, markers undoubtedly defining human iTregs are missing. Here, we
aimed to generate fully functional human iTregs in vitro using protocols involving SCFAs and to
characterize the underlying mechanism. Our target was to identify the potential phenotypic markers
best characterizing human iTregs. Naïve non-Treg CD4+ cells were isolated from the peripheral
blood of 13 healthy adults and cord blood of 12 healthy term newborns. Cells were subjected to
differentiation toward iTregs using a transforming growth factor β (TGF-β)-based protocol, with or
without SCFAs (acetate, butyrate, or propionate). Thereafter, they were subjected to flow cytometric
phenotyping or a suppression assay. During differentiation, cells were collected for chromatin-
immunoprecipitation (ChIP)-based analysis of histone acetylation. The enrichment of the TGF-β-
based protocol with butyrate or propionate potentiated the in vitro differentiation of human naïve
CD4+ non-Tregs towards iTregs and augmented the suppressive capacity of the latter. These seemed
to be at least partly underlain by the effects of SCFAs on the histone acetylation levels in differentiating
cells. GITR, ICOS, CD39, PD-1, and PD-L1 were proven to be potential markers of human iTregs. Our
results might boost the further development of Treg-based therapies against autoimmune, allergic
and other chronic inflammatory disorders.
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1. Introduction

Regulatory T cells (Tregs) control immune system activity and inhibit the inflammatory
process. In subjects suffering from autoimmune disorders, Tregs are compromised [1–3].
Therapeutic strategies aiming to boost Treg cell activity by either increasing the number
or enhancing the function of already existing Tregs, or reinfusing them after prior ex vivo
expansion, have reached the phase of clinical trials. Compared to non-specific immuno-
suppressive drugs, Tregs are safer, more effective, and have fewer side effects [1–3]. The
contribution of reduced Treg function to disease development has also been demonstrated
for allergic disorders, such as atopic asthma, allergic rhinitis, food allergies, atopic dermati-
tis, allergic conjunctivitis, and others [4–11]. Additionally, in this case, various types of
therapeutic interventions involving Tregs have been proposed [12–17].

Short-chain fatty acids (SCFAs), the major end products of bacterial fermentation in
the human colon, play an important role in protection against several chronic inflammatory
or autoimmune diseases, such as asthma, allergies, inflammatory bowel disease, and type 1
diabetes, mostly through their putatively significant role in Treg induction [1,18–23]. Indeed,
the substantial contribution of SCFAs to the differentiation of mouse Tregs extrathymically
both in vivo or in vitro, so-called induced Tregs (iTregs), has been shown [24–27]. Data on
the effects of SCFAs on human Tregs are sparse and the successful in vitro development of
fully functional human iTregs using a SCFAs-augmented protocol has not been reported
yet [18,26–29].

Forkhead box P3 (Foxp3) is currently considered to be the most specific marker for
naturally occurring Tregs, especially those generated in the thymus. However, growing
evidence from humans suggests that this issue is more complex. For instance, there is
also a CD4+Foxp3+ subpopulation in human peripheral blood (PB) possessing no sup-
pressive capacity [30]. Some human T cells can transiently up-regulate Foxp3 expression
upon in vitro stimulation without acquiring Treg-cell suppressive properties [31,32]. In
addition to Foxp3, other markers, including glucocorticoid-induced TNF-related protein
(GITR) [33–35], CD39 [36–38], inducible T-cell costimulator (ICOS, CD278) [39,40], pro-
grammed cell death protein 1 (PD-1, CD279), programmed cell death ligand 1 (PD-L1,
CD274) [41,42], interleukin-7 receptor subunit alpha (CD127) [43], and human leukocyte
antigen–antigen D-related (HLA-DR) [44], have been investigated, but there is still no
definitive marker undoubtedly defining human iTregs.

Establishing further human iTreg generation strategies and a better understanding of
their biology will boost the development of Treg-based therapeutic approaches. Hence, we
aimed to successfully generate fully functional human iTregs in vitro using protocols involv-
ing SCFAs and to characterize the mechanism underlying this differentiation. In parallel,
we wanted to identify the potential phenotypic markers best characterizing human iTregs.

2. Results
2.1. Differential Activation Patterns in the Generation of Human Tregs In Vitro via SCFAs

To compare the iTreg cell induction patterns between cord blood (CB) mononuclear
cells (CBMCs) and adult peripheral mononuclear cells (PBMCs), FACS-sorted naïve non-
Treg cells (CD4+CD45RO−CD25−CD127hi) were stimulated with anti-CD3/anti-CD28 in
the presence of interleukin-2 (IL-2) and transforming growth factor β (TGF-β), with or
without SCFAs, for 5 days (Supplementary Figure S1).

The induction patterns differed between CBMCs and adult PBMCs in terms of their
activated cell proportions (Figure 1). Naïve non-Tregs from adult PBMCs were unable to
fully differentiate into Foxp3+ iTreg cells (Figure 1A). After gating on viable cells induced
from adult PBMCs, we noted that, apart from the commonly known “activated” iTreg
cells, there was a significant population of smaller Foxp3-negative cells, representing “non-
activated” cells. The percentages of activated cells varied significantly across the study
population and under different culture conditions (Figure 1B). In particular, iTregs exposed
to butyrate had the smallest proportion of activated cells. In contrast, all of the naïve
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non-Tregs from CBMCs differentiated fully into activated Treg cells, independent of SCFAs
exposure (Figure 1A).
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(SCFAs). (A) Flow cytometric gating strategy for activated cells gated on viable cells after Treg 
induction from adult PBMC (upper panel) and CBMC (lower panel) naïve CD4+ cells. (B) Scattered 
dot plot with the mean and standard error of the mean (SEM) showing the percentage of activated 
Fop3+ cells after induction from adult (left) naïve CD4+ cells under various conditions, summarizing 
thirteen independent experiments. Friedman test with Dunn’s multiple comparisons (post hoc) was 
used for statistical analysis. * p < 0.05, **** p < 0.0001. 

2.2. Butyrate and Propionate, but Not Acetate, Potentiate the Expression of Phenotypic Markers 
of Human TGF-β-Induced Tregs In Vitro 

There were obvious differences between non-activated and activated cells generated 
from adult PBMCs in terms of the expression levels of various phenotypic markers, as 
exemplified in Figure 2. Compared to non-activated cells, the activated iTregs generated 
under various conditions (control, acetate, butyrate, or propionate) had higher expression 
levels of the phenotypic markers tested, except for PD-L1 in the control and acetate-
treated iTreg cells (Figure 3). A similar trend was observed for the phenotypic markers 

Figure 1. Differential activation patterns between adult and cord blood in the generation of human
in vitro induced regulatory T cells (iTregs) in the absence or presence of short-chain fatty acids
(SCFAs). (A) Flow cytometric gating strategy for activated cells gated on viable cells after Treg
induction from adult PBMC (upper panel) and CBMC (lower panel) naïve CD4+ cells. (B) Scattered
dot plot with the mean and standard error of the mean (SEM) showing the percentage of activated
Fop3+ cells after induction from adult (left) naïve CD4+ cells under various conditions, summarizing
thirteen independent experiments. Friedman test with Dunn’s multiple comparisons (post hoc) was
used for statistical analysis. * p < 0.05, **** p < 0.0001.

2.2. Butyrate and Propionate, but Not Acetate, Potentiate the Expression of Phenotypic Markers of
Human TGF-β-Induced Tregs In Vitro

There were obvious differences between non-activated and activated cells generated
from adult PBMCs in terms of the expression levels of various phenotypic markers, as
exemplified in Figure 2. Compared to non-activated cells, the activated iTregs generated
under various conditions (control, acetate, butyrate, or propionate) had higher expression
levels of the phenotypic markers tested, except for PD-L1 in the control and acetate-treated
iTreg cells (Figure 3). A similar trend was observed for the phenotypic markers within the
Foxp3+ cells between the activated and non-activated cells (Supplementary Figure S2).
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Figure 2. Flow cytometric gating strategy for the phenotypic markers of human in vitro induced
regulatory T cells (iTregs) generated from adult naïve CD4+ cells. (A) Flow cytometric gating
strategy for lymphocytes, single cells, viable cells, CD4+ cells, and non-activated and activated iTregs
generated from adult naïve CD4+ cells. (B) Representative dot plots showing the percentages of
Foxp3 and CD39 gated on either non-activated (left panels) or activated (right panels) iTreg cells.
(C) Representative dot plots showing the GITR, ICOS, PD-1, PD-L1, and CTLA-4 expression patterns
on either non-activated or activated iTreg cells generated from adult naïve CD4+ cells with propionate.
Data summarize thirteen independent experiments.
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conditions. All cells were cultured in the presence of transforming growth factor β and interleukin-
2, and additionally with control, acetate, butyrate, or propionate. Data summarize thirteen 
independent experiments. Wilcoxon matched-pairs rank test was used for statistical analysis. * p < 
0.05, *** p < 0.001. 
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Figure 3. Enhanced expression of phenotypic markers in activated cells generated from adult naïve CD4+

cells. Scattered dot plot with mean + SEM showing the percentage of Foxp3+ and CD39+ cells, and mean
fluorescence intensity (MFI) of GITR, ICOS, PD-1, PD-L1, and CTLA-4 gated on non-activated (Non-A) and
activated (A) cells generated from adult naïve CD4+ cells under various conditions. All cells were cultured
in the presence of transforming growth factor β and interleukin-2, and additionally with control, acetate,
butyrate, or propionate. Data summarize thirteen independent experiments. Wilcoxon matched-pairs rank
test was used for statistical analysis. * p < 0.05, *** p < 0.001.

The expression levels of human iTreg phenotypic markers in cells differentiated under
various conditions are presented in Figure 4. Due to the significantly higher percentage
of non-activated cells, butyrate-treated iTregs from adult PBMCs had the lowest Foxp3
expression compared to the other cells treated with other SCFAs (Figure 4C). The expression
of Foxp3 was similar among the groups when analyzing only the activated cells, as well
as iTreg cells generated from CBMCs (Figure 4C). As for CD39, GITR, ICOS, and PD-L1
expression, the trend was the same for both activated iTregs from adult PBMCs and iTregs
from CBMCs (Figure 4C). Butyrate-treated iTregs had the highest expression for these
four markers, followed by propionate-treated iTregs, though not always at statistically
significant levels. The expression levels of these markers of iTregs treated with acetate
were either the same or only slightly higher compared to the control (Figure 4C). Butyrate-
/propionate-treated iTregs generated from CBMCs had significantly higher expression of
PD-1 than acetate-treated or control iTreg cells (Figure 4C). However, this trend was not
seen in iTregs from adult PBMCs. The CTLA-4 expression levels were, in turn, higher in the
propionate-treated activated iTregs from adult PBMCs than in the control or acetate-treated
cells, although those differences were biologically small (Figure 4C). When comparing the
phenotypic markers between adult activated iTregs and iTregs from CBMCs, the expression
levels of most phenotypic markers were similar (Supplementary Figure S3).



Int. J. Mol. Sci. 2022, 23, 5740 6 of 17

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 18 
 

 

Cumulatively, these results suggest that (a) Foxp3 is mainly an activation marker for 
human iTregs; (b) GITR, ICOS, CD39, PD-1, PD-L1, and CTLA-4 are potential markers for 
human iTregs; and (c) butyrate and propionate, but not acetate, potentiate the expression 
of phenotypic markers of human TGF-β-induced Treg cells in vitro. 

 
Figure 4. Short-chain fatty acids (SCFAs) potentiate the generation of human transforming growth
factor β (TGF-β)-induced Tregs in vitro. (A) Representative dot plots gated on live CD4+CD3+ T cells
showing the percentage of Foxp3+ (upper panel) and CD39+ (lower panel) cells induced after culturing
under various conditions: control (interleukin-2 (IL-2) + TGF-β), acetate (IL-2 + TGF-β + acetate), but-



Int. J. Mol. Sci. 2022, 23, 5740 7 of 17

yrate (IL-2 + TGF-β + butyrate), and propionate (IL-2 + TGF-β + propionate). (B) GITR, ICOS, PD-1,
PD-L1, and CTLA-4 expression of live CD4+CD3+ T cells cultured under various conditions (see the
legend to Panel A), as shown by representative histograms. (C) Scattered dot plots showing the mean
and standard error of the mean (SEM) summarizing thirteen independent experiments for adults and
twelve independent experiments for cord blood. Friedman test with Dunn’s multiple comparisons
(post hoc) was used for statistical analysis. * p < 0.05, ** p < 0.01.

Cumulatively, these results suggest that (a) Foxp3 is mainly an activation marker for
human iTregs; (b) GITR, ICOS, CD39, PD-1, PD-L1, and CTLA-4 are potential markers for
human iTregs; and (c) butyrate and propionate, but not acetate, potentiate the expression
of phenotypic markers of human TGF-β-induced Treg cells in vitro.

2.3. Butyrate and Propionate, but Not Acetate, Enhance the Suppressive Capacity of Human
TGF-β-Induced Tregs In Vitro

To test the suppressive capacity of iTreg cells treated with different SCFAs, these iTreg
cells were co-cultured with allogeneic CFSE-labeled CD4+CD25− responder cells (freshly
bead-isolated) under various ratios in vitro. Then, on day 3, they were analyzed for the
differences in the proliferation of responder cells.

Firstly, considering the significantly different activation statuses reported in the previ-
ous section, we wanted to test the suppressive capacity of the activated iTreg cells generated
from adult naïve CD4+ cells. To isolate activated (purified CD25high) cells for the in vitro
suppression assay, the whole population of cultured cells incubated under various con-
ditions (control, acetate, butyrate, or propionate) was subjected to CD25-based positive
selection. Butyrate or propionate-treated iTreg cells reduced the in vitro proliferation of allo-
geneic CD4+CD25−responder cells compared to the control iTreg cells (Figure 5). This was
statistically significant and consistent at all suppressor/responder cell ratios, i.e., from 1:2
to 1:16. On the contrary, the addition of acetate failed to achieve a similar effect (Figure 5).

Finally, we tested the suppressive capacity of iTreg cells generated from CB naïve
CD4+ cells. The results mimicked the trend observed in activated iTregs generated from
adult naïve CD4+ cells (Figure 5). The addition of butyrate or propionate increased the
suppressive capacity of iTregs at all suppressor/responder cell ratios, ranging from 1:1
to 1:16. Significant differences were found at ratios ranging from 1:2 to 1:16 for butyrate-
treated iTregs (Figure 5). As for propionate-treated iTregs, there was significant suppression
at ratios from 1:2 to 1:8. Like the activated iTregs generated from adult naïve CD4+ cells, the
addition of acetate was unable to increase the suppressive capacity of iTreg cells generated
from CB naïve CD4+ cells (Figure 5).

Due to the high suppressive capacity of these iTregs (>80%), significant differences
were masked in the higher suppressor/responder cell ratios among different conditions.
In contrast to lower proportions of iTregs, the differences became more obvious and
statistically significant.

These results demonstrate that the addition of butyrate and propionate, but not acetate,
augments the suppressive capacity of in vitro induced human Treg cells.

2.4. Butyrate and Propionate Affect Histone Acetylation Levels at Important Regulatory Regions of
Genes Encoding Molecules Crucial for Treg Function

Searching to find a potential mechanism of how SCFAs augment iTreg differentiation
and functioning, naïve CD4+ non-Treg cells derived from CBMCs or PBMCs, cultured
toward iTregs in the presence or absence of SCFAs and harvested on days 1 and 3 or day 3,
respectively (Supplementary Figure S1), were studied for the histone H4 acetylation status
at important regulatory regions of several iTreg-specific loci, such as genes encoding CD39,
CTLA-4, PD-1, GITR, ICOS, PD-L1, and Foxp3 (Supplementary Table S1). Considering that
SCFAs treatment inhibits global histone deacetylation, the chromatin immunoprecipitation–
quantitative polymerase chain reaction (ChIP-qPCR) assay output values within each
sample were normalized, not only to the input and isotype control, but also to the positive
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control gene. The results of the ChIP-qPCR investigations are given in (Figure 6) and
Supplementary Table S2.
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Figure 5. Short-chain fatty acids (SCFAs) enhance the suppressive capacity of in vitro induced regu-
latory T cells (iTregs). (A) Representative histograms showing the proliferation of responder cells
co-cultured with iTregs differentiated under various conditions (see legends to Figure 4); data shown
correspond to a suppressor/responder ratio of 1:8. (B,C) Percentage of suppression obtained at
varying suppressor/responder ratios using the whole population (left panels; eight independent
experiments) or only the population of activated (bead-selected CD25high; middle panels; six inde-
pendent experiments) iTregs deriving from adult naïve CD4+ cells, and iTreg cells deriving from cord
blood naïve CD4+ cells (right panels; ten independent experiments) differentiated under various
conditions (see legends to Figure 4). The data are given as means with the standard error of the mean
(SEM). Friedman test with Dunn’s multiple comparisons (post hoc) was used for statistical analysis.
* p < 0.05, ** p < 0.01.

Overall, the average (Figure 6) and cumulative (Supplementary Table S2) histone H4
pan-acetylation (K5ac, K8ac, K12ac, and K16ac) at the Treg loci was the highest in cells
treated with butyrate or propionate, whereas the acetylation levels observed in cells exposed
to acetate were in most cases not much different from those in untreated cells. From the
single-gene perspective, the strongest effects on H4 acetylation were seen in PBMC-derived
cells harvested on day 3 for Foxp3 (propionate), CD39 (butyrate and propionate), GITR
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(butyrate and propionate), ICOS (butyrate), PD-1 (acetate, butyrate and propionate), and
PD-L1 (butyrate and propionate), in CBMC-originating cells collected on day 1 for GITR
(butyrate and propionate), PD1 (butyrate), PD-L1 (acetate, butyrate, and propionate), and
CTLA-4 (butyrate), and in CB cells harvested on day 3 for CD39 (butyrate and propionate),
GITR (acetate and propionate), ICOS (propionate), PD-L1 (butyrate and propionate), and
CTLA-4 (propionate) (Figure 6).
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Figure 6. Histone H4 pan-acetylation status at the transcription-controlling regions of regulatory
T cell (Treg) genes. Histone 4 acetylation levels at seven Treg loci given as the relative enrichment
to ribosomal protein L32 (RPL32) in human adult (n = 7; peripheral blood) or newborn (n = 6;
cord blood, CB) naïve CD4+ non-Treg cells differentiated toward iTreg phenotype in the presence
or absence of short-chain fatty acids (SCFAs). Adult-derived cells were harvested on day 3, and
CB-originating cells on days 1 and 3 (see Supplementary Figure S1). H4 acetylation was analyzed
by a chromatin immunoprecipitation–quantitative polymerase chain reaction (ChIP-qPCR) assay.
The data are expressed as means with the standard error of the mean (SEM). There was no statistical
significance using the Friedman test with Dunn’s multiple comparisons (post hoc).

Collectively, these results might indicate that, in naïve CD4+ non-Treg PBMC- or
CBMC-derived cells differentiating toward iTregs, butyrate and propionate, and, to a lesser
extent, enhance the histone H4 acetylation status at several Treg-related loci.



Int. J. Mol. Sci. 2022, 23, 5740 10 of 17

3. Discussion

In mice, SCFAs have been well established as essential immune regulators of naturally
occurring and in vitro induced Tregs. However, data on the contribution of SCFAs to
the development of human Tregs, especially iTregs, are sparse, with no reports of the
successful in vitro generation of human iTregs possessing full suppressive abilities using
a SCFA-augmented protocol [18,26–29,45]. Generally, it remains inconclusive whether
human Treg cells developed in vitro using SCFAs or other substances [45–50] are able to
obtain suppressive capacities comparable to those of ex vivo-cultured or in vivo-developed
natural Tregs and if they can remain stable for longer periods of time [51–53]. Finally, in
the only study involving SCFAs reported so far, protocols applying butyrate or propionate
failed to generate functional human iTregs possessing reasonable suppressive abilities [45].

In the present study, we tested a human iTreg differentiation protocol applying the
SCFAs acetate, butyrate, or propionate, in addition to the classically used IL-2 and TGF-
β [45–50]. We found that the addition of butyrate or propionate, but not acetate, significantly
enhanced the suppressive capacity of human in vitro generated iTregs. This observation
was most obvious in iTregs of CB origin and in activated iTregs generated from adult
naïve CD4+ T cells. The lack of a need for the additional activation of CB-deriving iTregs
might result from the much higher percentage of naïve, “inducible” cells present in CB.
Furthermore, the differences in the induction patterns observed between different origins
(CBMCs or adult PBMCs) might explain the controversies regarding the suppressive
effectiveness of human iTregs [51–53], as well as the concealment of the effects of SCFAs on
adult cells differentiated towards iTregs [45].

In our study, naïve non-Treg cells isolated from adult CD4+ cells were unable to fully
differentiate into Tregs, and there was a significant non-activated subpopulation with a
smaller cell size. Among all of the culture conditions, butyrate-treated iTregs had the
most non-activated cells, around 40% of the whole cultured cells. We speculated that
this population was nonresponsive and did not share iTreg characteristics. Indeed, these
cells had the minimal expression of all the phenotypic markers. We then compared the
suppressive capacity between activated iTreg cells and their pair-matched whole cultured
cells generated from adult naive CD4+ cells. As expected, the activated iTregs demonstrated
a higher percentage of suppression compared to their non-activated counterparts. In
butyrate-treated iTregs, these differences were much greater when the large proportion of
non-activated cells was taken into account. Interestingly, this differential induction pattern
was not present in the iTregs generated from CB naïve CD4+ cells. All naïve non-Tregs
sorted from CB naïve CD4+ cells showed full differentiation into iTregs. These findings
are further supported by the fact that the histone acetylation changes most probably at
least in part resulting from SCFAs treatment were observed in CB cells earlier than in adult
cells. This reasoning is limited by the lack of early time point epigenetic data for the latter.
Nevertheless, when analyzing iTregs generated from CB naïve CD4+ cells and the activated,
rather than the whole, iTregs generated from adult PB naïve CD4+ cells, we were able to
reproduce the results of the relevant animal studies.

Considering the lack of methodological differences between our experiments con-
ducted using cells deriving from CB and PB, the question arises as to whether CD45RO− T
cells are truly “naïve” in adults, especially compared to CB. Human naïve T cells express
CD45RA, but lack the expression of CD45RO, and the expression of at least one additional
naïve T cell marker, such as CCR7, CD62L, or CD27, is necessary to distinguish naïve from
terminally differentiated T cells [54,55]. The neonatal immune system is largely dominated
by truly naïve T cells [54]. Although the size and scope of the naïve CD4+ T cell pool tends
to be maintained by both thymic output and peripheral homeostatic proliferation through-
out adulthood [56,57], there is a progressive reduction of the thymus output with a resulting
decline in the naïve T cell pool and expansion of the oligoclonal T cell populations [58]. In
addition, there are functional alterations in the responsiveness of naïve T cells in elderly
individuals, which may be the result of a shift from truly naïve to more mature naïve-like T
cells [55–59]. Indeed, T cell receptor sequencing studies have shown that clonal expansion
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also occurs in human naïve T cells, and most of these clonally expanded cells still retain a
naïve phenotype with the expression of CD45RA, CD28, CD27, and CCR7 [60]. In addition,
telomere attrition, DNA damage, as well as changes in the microRNA spectrum occur in
naïve T cells when aging, which partially account for defective T cell responses [61,62].
However, conclusive data on the transcriptional and epigenetic profiling exploring the
influence of aging on naïve T cells in humans are still missing.

Our epigenetic investigations demonstrated the possible mechanism underlying the
SCFA-mediated augmentation of the differentiation towards human iTreg cells. Butyrate,
propionate, and, to a lesser extent, acetate most probably at least partly enhanced his-
tone acetylation at the important regulatory regions of several Treg-associated loci, thus
increasing the accessibility of these genes to the transcriptional machinery [63–65]. Our
observations seem to be in line with the contribution of changes in histone acetylation
patterns to the SCFA-boosted Treg differentiation reported previously in mice [26–28].
However, the possibility that the effects of SCFAs on in vitro human iTreg generation
are also mediated by other mechanisms, such as energy metabolism [66,67], cannot be
excluded. Finally, the differentiation of human iTregs corresponding to the expression of
crucial related molecules, such as CD39, CTLA-4, PD-1, GITR, ICOS, PD-L1, and Foxp3,
is subject to complex regulation involving not only environmental (e.g., SCFAs), but also
genetic, factors, and their mutual interaction. Thus, even though it is beyond the scope of
the present study, it is worth mentioning that certain relevant genetic factors have been
identified. For example, a clear regulatory effect has been demonstrated in the case of CD39
expression driven by a variant in the ectonucleoside triphosphate diphosphohydrolase 1
gene (ENTPD1) encoding this molecule [68–70]. The huge complexity of gene expression
regulation has not only biological, but also experimental, consequences in the form of much
higher heterogeneity in humans compared to the rather homogenous results generated in
in-bred animal models with highly controlled environmental conditions and a uniform
genetic background. Thus, considering that histone acetylation is highly important, but
also susceptible to experimental fluctuations in humans, this facultative part of our results
needs to be interpreted with caution.

Along with the previous reports [30–32], the expression patterns we observed for
Foxp3 in human in vitro-induced iTregs suggested it to be only an iTreg activation marker.
We also demonstrated that the iTreg patterns of GITR, ICOS, CD39, PD-1, and PD-L1
expression corresponded to the actual suppressive abilities of those cells, as demonstrated
by our functional assays. Thus, those five molecules might represent potential candidate
markers for human in vitro induced Treg cells.

In conclusion, the successful SCFA-augmented in vitro generation of human iTreg cells
and its mechanistic characterization reported here adds to the current knowledge on iTreg
biology, creates a potentially useful tool for further research, and might boost the further
development of Treg- and, considering the origin of natural SCFAs in human organisms,
personalized nutrition-based therapeutic strategies against autoimmune, allergic, and other
chronic inflammatory disorders.

4. Materials and Methods
4.1. Participants

This research was reviewed and approved by the Human Research Ethics Committee
(HREC) of Nepean Blue Mountains Local Health District according to the Declaration of
Helsinki. All participants were recruited on a volunteer basis and signed a written informed
consent prior to donating blood.

To determine the effect of SCFAs on Tregs differentiation from naïve non-Treg cells,
CBMCs were also used in the study in addition to adult PBMCs. Shielded through the
placenta, CB is more genuinely “naïve” as it has limited environmental antigen exposure.

In total, 13 healthy adult volunteers (average age of 29.15 ± 1.92 years old with an
average of 48.09% naïve CD4 T cells in PBMCs) and 12 healthy term pregnant women were
recruited. Individuals with any history of autoimmune diseases or allergies were excluded.
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Adult blood samples were drawn from the antecubital vein. CB samples were collected via
the sterile aspiration of the umbilical vein from the delivered placenta immediately after
an elective caesarean section (CS). All 12 CS were due to repeated CS, malpresentation or
other non-medical issues. Women with gestational diabetes, chorioamnionitis, placenta
previa, chronic villitis, or twin pregnancies were excluded. The overall design of the study
is presented in .

4.2. Mononuclear Cell Isolation

All blood samples were processed within 2 h of collection. Human MCs were isolated
from blood using Ficoll-Paque PLUS density gradient medium (GE Healthcare Life Sciences,
Pittsburgh, PA, USA). Blood collected in heparinized vacuum tubes was diluted in a 1:1
ratio with sterile phosphate-buffered saline (PBS; pH 7.4; Sigma–Aldrich, St. Louis, MO,
USA). This mixture was carefully layered over Ficoll-Paque PLUS medium at a 2:1 ratio
before centrifugation at 1700 rpm for 30 min, without brake. The layer containing MCs
was carefully aspirated and washed twice in PBS with 0.5% fetal calf serum (FCS; Thermo
Fisher Scientific, Waltham, MA, USA) at 1300 rpm for 8 min. MCs were then re-suspended
in PBS containing 0.5% FCS. After trypan blue-based counting, MCs were subjected to
cell sorting.

4.3. Fluorescence-Activated Cell Sorting (FACS)

Freshly isolated cells were surface stained with the appropriate fluorochrome-conjugated
antibody, including anti-CD127 (FITC, 560549, Becton Dickinson, San Jose, CA, USA), anti-
CD45RO (PerCp-eFluor710, 130-097-590, Miltenyi Biotec, Bergisch Gladbach, Germany),
anti-CD4 (V500, 562970, Becton Dickinson), and anti-CD25 (APC, 340939, Becton Dickin-
son). The cells were sorted on a BD FACSAriaTM (Becton Dickinson) cell sorter. For Treg
induction, the pre-enriched CD4+ T cells (PBMCs were labeled with a Miltenyi CD4+ T cell
Isolation Kit #130-091-155 and separated on a Cell Separation Magnet) were further sorted
for CD4+CD45RO−CD25−CD127hi with a purity of ≥99%.

4.4. In Vitro Cultures

FACS-sorted naïve non-Treg cells of both adult and CB origins were cultured in cell
culture medium (RPMI-1640 (Thermo Fisher Scientific) containing L-Glutamine (2mM,
Sigma-Aldrich), penicillin (100 U/mL, Sigma-Aldrich), streptomycin (100µg/mL, Sigma-
Aldrich) plus 1% HEPES (Thermo Fisher Scientific), and 10% FCS in 48-well plates, with
immobilized anti-CD3 (OKT3, 10µg/mL, coated overnight in PBS at 4 ◦C, 317304, Biolegend,
San Diego, CA, USA) and mobilized anti-CD28 (2 µg/mL, 302914, BioLegend. Cells were
cultured at a concentration of 3.5–5 × 105/48 wells at 37 ◦C for 5 days under standard
culture conditions (37 ◦C, pH 7.4, 5% CO2, 85–95% humidity). Recombinant human IL-2
(50 U/mL, 130-097-745, Miltenyi Biotec), TGF-β (5 ng/mL, 100-21, Peprotech, Rocky Hill,
NJ, USA), and, in selected cultures, sodium acetate (1000 µM, S5636-250G, Sigma-Aldrich),
sodium butyrate (500 µM, B5887-250 MG, Sigma-Aldrich), or sodium propionate (1000 µM,
P5436-100G, Sigma-Aldrich) were added on day 0 and day 3. On day 5, the cells were
harvested for phenotyping or further functional studies. The concentrations of SCFAs were
chosen based on the immune cell viability (Supplementary Figure S1).

For the ChIP study, CD4+ cells generated from adult naïve non-Tregs were harvested
on day 3, while those generated from CB were harvested on days 1 and 3 (Supplementary
Figure S1).

For the flowcytometric analysis of Treg gene expression, iTreg cells were re-stimulated
with anti-CD3 (OKT3, 4 µg/mL) for 3.5 h at 37 ◦C.

4.5. Suppression Assay

Allogenic responder cells for the suppression assay were enriched using a CD4+CD25+

Regulatory T Cell Isolation Kit (130-091-301, Miltenyi Biotec). Carboxyfluorescein succin-
imidyl ester (CFSE) was used to trace cell proliferation. Responder cells were washed
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(1300 rpm, 8 min) three times in RPMI-1640 in the absence of FCS at room temperature.
T cells were then incubated (labeled) with 0.5 µM CFSE at 37 ◦C for 7 min in the dark.
The addition of 200 µL of FCS could terminate the reaction. Afterwards, the cells were
washed 3 times with RPMI-1640 with FCS. Non-CFSE labeled iTregs (or, where appro-
priate, CD25high iTregs obtained from the whole population of adult iTregs using CD25
MicroBeads (130-091-301, Miltenyi Biotec) positive selection) and CFSE-labeled responder
cells were co-cultured at a ratio between 1:1 and 1:16 and stimulated with Treg Suppression
Inspector (cell: bead ratio of 1:1, 130-092-909, Miltenyi Biotec) in 96 U-bottom plates. The
cells were cultured in medium for 3 days under standard culture conditions and subse-
quently harvested for flow cytometry. The percentage of suppression was determined
as the difference in the proliferation between the negative control and the test sample,
expressed as a percentage of the former.

4.6. Flow Cytometry

Flow cytometric analyses using BD FACSVerse (8-channel, Becton Dickinson) were
conducted for all of the cultured cells, and a LIVE/DEAD™ Fixable Aqua Dead Cell Stain
Kit (V500, L34966, Thermo Fisher Scientific) was used to determine the viability of all
of the cultured cells prior to the fixation and permeabilization required for intracellular
antibody staining. Surface and intracellular staining was performed according to the
manufacturer’s instructions. For the intracellular staining of Foxp3 and CTLA-4, a True-
Nuclear™ Transcription Factor Buffer Set (424401, BioLegend) was used. The antibodies
used included CD4 (PerCP-Vio700, 130-093-504, Miltenyi Biotec), CD39 (APC, 130-109-
455, Miltenyi Biotec), Foxp3 (Alexa Fluor 488, 320212, BioLegend), GITR (PE, 130-092-895,
Miltenyi Biotec), ICOS (VioBlue, 130-100-737, Miltenyi Biotec), PD-1 (APC/Cy7, 329922,
BioLegend), PD-L1 (PE/Cy7, 329718, BioLegend), and CTLA-4 (APC, 349908, BioLegend).
The gating strategy is shown in (Figure 2).

The acquired sample (fcs) files were analyzed in FlowJo Version10 (Treestar, San
Carlos, CA, USA). Consistent gating strategies were used for all samples in the same
set of experiments. An isotype control was included to help with the gating. The mean
fluorescence intensity (MFI) was calculated using the geometric mean.

4.7. Chromatin Immunoprecipitation–Quantitative Polymerase Chain Reaction (ChIP-qPCR)

Chromatin fixation, isolation, shearing, and immunoprecipitation, as well as DNA
de-cross linking and purification, were conducted using the established and thoroughly
validated in-house method described elsewhere [71–73]. For ChIP, a histone H4 pan-
acetyl antibody (Anti-acetyl-histone H4 Antibody, 06-866; Merck, Darmstadt, Germany),
targeting lysine residues 5 (K5), 8 (K8), 12 (K12), and 16 (K16) of the H4 histone, was used.
Quantitative assessment of the H4 acetylation status was performed by the quantitative
polymerase chain reaction (qPCR), as previously described [71–73], and the PCR primers
used in the present study are given in Supplementary Table S1. In brief, the three-level
strategy of PCR data normalization was applied. First, the percent enrichment to the
input control was calculated for each target locus and a positive control gene encoding
ribosomal protein L32 (RPL32), separately for the mock (IgG) and H4 antibody. Then, the
locus-specific percent enrichment to the input control obtained for IgG was subtracted from
the corresponding values for the H4 antibody. Finally, the calculated IgG-corrected percent
enrichment was divided for each gene into that of RPL32, resulting in a relative enrichment
value [71,72,74]. The intra- and inter-assay coefficients of variation calculated for the
percent enrichment should not exceed 10% [71]. All samples were processed according to
the same standardized protocol and analyzed blind and in a randomized order.

4.8. Statistical Analyses

Statistical analyses were performed in GraphPad Prism 9 (La Jolla, CA, USA). All
of the data were not normally distributed due to the small sample size. Therefore, for
comparisons among two or more groups, the Mann–Whitney test or Friedman test with
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Dunn’s multiple comparison test (post hoc) were used. For all analyses, a p value of less
than 0.05 was deemed statistically significant.
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//www.mdpi.com/article/10.3390/ijms23105740/s1.

Author Contributions: Conceptualization, M.H., B.S.-N., H.R., D.P.P., and R.K.N.; Methodology,
M.H., B.A.A., B.S.-N., S.M., H.H., and D.P.P.; Formal analysis, M.H., B.A.A., D.P.P., and R.K.N.;
Data curation, M.H., B.A.A., D.P.P., and R.K.N.; Investigation, M.H., B.A.A., B.S.-N., H.H., and S.M.;
Funding acquisition, R.K.N., H.R., and D.P.P.; Writing—original draft preparation, M.H. and B.A.A.;
Writing—review and editing, D.P.P. and R.K.N.; Supervision, H.R. and R.K.N. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was funded by the Nepean Medical Research Foundation and the Australasian
Women’s and Children’s Research Foundation (OZWAC), the Universities Giessen and Marburg
Lung Center (UGMLC), the German Center for Lung Research (DZL; 82DZL00502/A2), the Von
Behring-Röntgen-Foundation (Von Behring-Röntgen-Stiftung; 62-LV04), and Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation)—416910386—GRK 2573/1.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the Nepean Blue Mountains Local
Health District (Ethical approval number 03/006; Start date 1 March 2003).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Acknowledgments: Part of the content of this manuscript has been published as part of the PhD
thesis of Mingjing Hu [75]. We are grateful to Catherine Lai for assistance with part of the in vitro
suppression assay.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sharabi, A.; Tsokos, M.G.; Ding, Y.; Malek, T.R.; Klatzmann, D.; Tsokos, G.C. Regulatory T cells in the treatment of disease. Nat.

Rev. Drug Discov. 2018, 17, 823–844. [CrossRef] [PubMed]
2. Kasper, I.R.; Apostolidis, S.A.; Sharabi, A.; Tsokos, G.C. Empowering Regulatory T Cells in Autoimmunity. Trends Mol. Med. 2016,

22, 784–797. [CrossRef] [PubMed]
3. Foussat, A.; Gregoire, S.; Clerget-Chossat, N.; Terrada, C.; Asnagli, H.; Lemoine, F.M.; Klatzmann, D.; LeHoang, P.; Forte, M.;

Bodaghi, B. Regulatory T Cell Therapy for Uveitis: A New Promising Challenge. J. Ocul. Pharmacol. Ther. 2017, 33, 278–284.
[CrossRef] [PubMed]

4. Tordesillas, L.; Berin, M.C.; Sampson, H.A. Immunology of Food Allergy. Immunity 2017, 47, 32–50. [CrossRef] [PubMed]
5. Ray, A.; Khare, A.; Krishnamoorthy, N.; Qi, Z.; Ray, P. Regulatory T cells in many flavors control asthma. Mucosal Immunol. 2010,

3, 216–229. [CrossRef] [PubMed]
6. MacBeth, M.; Joetham, A.; Gelfand, E.; Schedel, M. Plasticity of Naturally Occurring Regulatory T Cells in Allergic Airway

Disease Is Modulated by the Transcriptional Activity of Il-6. Int. J. Mol. Sci. 2021, 22, 4582. [CrossRef]
7. Joetham, A.; Schedel, M.; O’Connor, B.P.; Kim, S.; Takeda, K.; Abbott, J.; Gelfand, E.W. Inducible and naturally occurring

regulatory T cells enhance lung allergic responses through divergent transcriptional pathways. J. Allergy Clin. Immunol. 2016, 139,
1331–1342. [CrossRef]

8. Zhang, H.; Kong, H.; Zeng, X.; Guo, L.; Sun, X.; He, S. Subsets of regulatory T cells and their roles in allergy. J. Transl. Med. 2014,
12, 125. [CrossRef]

9. Morales, M.A.G.; Montero-Vargas, J.M.; Vizuet-De-Rueda, J.C.; Teran, L.M. New Insights into the Role of PD-1 and Its Ligands in
Allergic Disease. Int. J. Mol. Sci. 2021, 22, 11898. [CrossRef]

10. García, E.-M.; Galicia-Carreón, J.; Novak, N. In vitro Conversion into CD4+CD25+Foxp3+ Induced Regulatory T Cells Is Reduced
in Atopic Dermatitis Patients. Int. Arch. Allergy Immunol. 2020, 181, 353–356. [CrossRef]

11. Fujimura, T.; Yonekura, S.; Taniguchi, Y.; Horiguchi, S.; Saito, A.; Yasueda, H.; Nakayama, T.; Takemori, T.; Taniguchi, M.;
Sakaguchi, M.; et al. The Induced Regulatory T Cell Level, Defined as the Proportion of IL-10+Foxp3+ Cells among CD25+CD4+
Leukocytes, Is a Potential Therapeutic Biomarker for Sublingual Immunotherapy: A Preliminary Report. Int. Arch. Allergy
Immunol. 2010, 153, 378–387. [CrossRef] [PubMed]

12. Paris, J.L.; de la Torre, P.; Flores, A.I. New Therapeutic Approaches for Allergy: A Review of Cell Therapy and Bio- or Nano-
Material-Based Strategies. Pharmaceutics 2021, 13, 2149. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms23105740/s1
https://www.mdpi.com/article/10.3390/ijms23105740/s1
http://doi.org/10.1038/nrd.2018.148
http://www.ncbi.nlm.nih.gov/pubmed/30310234
http://doi.org/10.1016/j.molmed.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/27461103
http://doi.org/10.1089/jop.2016.0165
http://www.ncbi.nlm.nih.gov/pubmed/28448237
http://doi.org/10.1016/j.immuni.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28723552
http://doi.org/10.1038/mi.2010.4
http://www.ncbi.nlm.nih.gov/pubmed/20164832
http://doi.org/10.3390/ijms22094582
http://doi.org/10.1016/j.jaci.2016.06.051
http://doi.org/10.1186/1479-5876-12-125
http://doi.org/10.3390/ijms222111898
http://doi.org/10.1159/000506285
http://doi.org/10.1159/000316349
http://www.ncbi.nlm.nih.gov/pubmed/20559004
http://doi.org/10.3390/pharmaceutics13122149
http://www.ncbi.nlm.nih.gov/pubmed/34959429


Int. J. Mol. Sci. 2022, 23, 5740 15 of 17

13. Verstegen, R.E.M.; Kostadinova, A.I.; Merenciana, Z.; Garssen, J.; Folkerts, G.; Hendriks, R.W.; Willemsen, L.E.M. Dietary
Fibers: Effects, Underlying Mechanisms and Possible Role in Allergic Asthma Management. Nutrients 2021, 13, 4153. [CrossRef]
[PubMed]

14. Calzada, D.; Cremades-Jimeno, L.; López-Ramos, M.; Cárdaba, B. Peptide Allergen Immunotherapy: A New Perspective in
Olive-Pollen Allergy. Pharmaceutics 2021, 13, 1007. [CrossRef] [PubMed]

15. Dembele, M.; Tao, S.; Massoud, A.H.; Miah, S.M.S.; Lelias, S.; De Groot, A.S.; Mazer, B.D. Tregitopes Improve Asthma by
Promoting Highly Suppressive and Antigen-Specific Tregs. Front. Immunol. 2021, 12, 634509. [CrossRef]

16. Satitsuksanoa, P.; Jansen, K.; Głobińska, A.; Van De Veen, W.; Akdis, M. Regulatory Immune Mechanisms in Tolerance to Food
Allergy. Front. Immunol. 2018, 9, 2939. [CrossRef]

17. Liu, G.; Liu, M.; Wang, J.; Mou, Y.; Che, H. The Role of Regulatory T Cells in Epicutaneous Immunotherapy for Food Allergy.
Front. Immunol. 2021, 12, 660974. [CrossRef]

18. Pandiyan, P.; Bhaskaran, N.; Zou, M.; Schneider, E.; Jayaraman, S.; Huehn, J. Microbiome Dependent Regulation of Tregs and
Th17 Cells in Mucosa. Front. Immunol. 2019, 10, 426. [CrossRef]

19. Yap, Y.-A.; Mariño, E. An Insight into the Intestinal Web of Mucosal Immunity, Microbiota, and Diet in Inflammation. Front.
Immunol. 2018, 9, 2617. [CrossRef]

20. Statovci, D.; Aguilera, M.; Mac Sharry, J.; Melgar, S. The Impact of Western Diet and Nutrients on the Microbiota and Immune
Response at Mucosal Interfaces. Front. Immunol. 2017, 8, 838. [CrossRef]

21. Tanaka, M.; Nakayama, J. Development of the gut microbiota in infancy and its impact on health in later life. Allergol. Int. 2017,
66, 515–522. [CrossRef]

22. Ríos-Covián, D.; Ruas-Madiedo, P.; Margolles, A.; Gueimonde, M.; De Los Reyes-Gavilán, C.G.; Salazar, N. Intestinal Short Chain
Fatty Acids and their Link with Diet and Human Health. Front. Microbiol. 2016, 7, 185. [CrossRef] [PubMed]

23. Richards, L.B.; Li, M.; Folkerts, G.; Henricks, P.A.; Garssen, J.; Van Esch, B.C. Butyrate and Propionate Restore the Cytokine
and House Dust Mite Compromised Barrier Function of Human Bronchial Airway Epithelial Cells. Int. J. Mol. Sci. 2020, 22, 65.
[CrossRef] [PubMed]

24. Macia, L.; Mackay, C.R. Dysfunctional microbiota with reduced capacity to produce butyrate as a basis for allergic diseases. J.
Allergy Clin. Immunol. 2019, 144, 1513–1515. [CrossRef] [PubMed]

25. Tan, J.; McKenzie, C.; Vuillermin, P.J.; Goverse, G.; Vinuesa, C.G.; Mebius, R.E.; Macia, L.; Mackay, C.R. Dietary Fiber and Bacterial
SCFA Enhance Oral Tolerance and Protect against Food Allergy through Diverse Cellular Pathways. Cell Rep. 2016, 15, 2809–2824.
[CrossRef] [PubMed]

26. Arpaia, N.; Campbell, C.; Fan, X.; Dikiy, S.; Van Der Veeken, J.; DeRoos, P.; Liu, H.; Cross, J.R.; Pfeffer, K.; Coffer, P.J.; et al.
Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 2013, 504, 451–455.
[CrossRef]

27. Smith, P.M.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly-Y, M.; Glickman, J.N.; Garrett, W.S. The Microbial
Metabolites, Short-Chain Fatty Acids, Regulate Colonic Treg Cell Homeostasis. Science 2013, 341, 569–573. [CrossRef]

28. Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato, K.; Kato, T.;
et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 2013, 504, 446–450.
[CrossRef]

29. Hsu, P.; Nanan, R. Foetal immune programming: Hormones, cytokines, microbes and regulatory T cells. J. Reprod. Immunol. 2014,
104–105, 2–7. [CrossRef]

30. Miyara, M.; Yoshioka, Y.; Kitoh, A.; Shima, T.; Wing, K.; Niwa, A.; Parizot, C.; Taflin, C.; Heike, T.; Valeyre, D.; et al. Functional
Delineation and Differentiation Dynamics of Human CD4+ T Cells Expressing the FoxP3 Transcription Factor. Immunity 2009, 30,
899–911. [CrossRef]

31. Allan, S.E.; Crome, S.; Crellin, N.K.; Passerini, L.; Steiner, T.; Bacchetta, R.; Roncarolo, M.G.; Levings, M. Activation-induced
FOXP3 in human T effector cells does not suppress proliferation or cytokine production. Int. Immunol. 2007, 19, 345–354.
[CrossRef] [PubMed]

32. Gavin, M.A.; Torgerson, T.R.; Houston, E.; Deroos, P.; Ho, W.Y.; Stray-Pedersen, A.; Ocheltree, E.L.; Greenberg, P.D.; Ochs, H.D.;
Rudensky, A.Y. Single-cell analysis of normal and FOXP3-mutant human T cells: FOXP3 expression without regulatory T cell
development. Proc. Natl. Acad. Sci. USA 2006, 103, 6659–6664. [CrossRef] [PubMed]

33. Petrillo, M.G.; Ronchetti, S.; Ricci, E.; Alunno, A.; Gerli, R.; Nocentini, G.; Riccardi, C. GITR+ regulatory T cells in the treatment of
autoimmune diseases. Autoimmun. Rev. 2014, 14, 117–126. [CrossRef] [PubMed]

34. McHugh, R.S.; Whitters, M.J.; A Piccirillo, C.; A Young, D.; Shevach, E.M.; Collins, M.; Byrne, M.C. CD4+CD25+ Immunoregula-
tory T Cells: Gene Expression Analysis Reveals a Functional Role for the Glucocorticoid-Induced TNF Receptor. Immunity 2002,
16, 311–323. [CrossRef]

35. Hamaoka, T.; Shimizu, J.; Suda, T.; Fujiwara, H. Induction of tumor-specific in vivo protective immunity by immunization with
tumor antigen-pulsed antigen-presenting cells. Princess Takamatsu Symp. 1988, 19, 265–275. [PubMed]

36. Borsellino, G.; Kleinewietfeld, M.; DI Mitri, D.; Sternjak, A.; Diamantini, A.; Giometto, R.; Höpner, S.; Centonze, D.; Bernardi, G.;
Dell’Acqua, M.L.; et al. Expression of ectonucleotidase CD39 by Foxp3+ Treg cells: Hydrolysis of extracellular ATP and immune
suppression. Blood 2007, 110, 1225–1232. [CrossRef] [PubMed]

http://doi.org/10.3390/nu13114153
http://www.ncbi.nlm.nih.gov/pubmed/34836408
http://doi.org/10.3390/pharmaceutics13071007
http://www.ncbi.nlm.nih.gov/pubmed/34371699
http://doi.org/10.3389/fimmu.2021.634509
http://doi.org/10.3389/fimmu.2018.02939
http://doi.org/10.3389/fimmu.2021.660974
http://doi.org/10.3389/fimmu.2019.00426
http://doi.org/10.3389/fimmu.2018.02617
http://doi.org/10.3389/fimmu.2017.00838
http://doi.org/10.1016/j.alit.2017.07.010
http://doi.org/10.3389/fmicb.2016.00185
http://www.ncbi.nlm.nih.gov/pubmed/26925050
http://doi.org/10.3390/ijms22010065
http://www.ncbi.nlm.nih.gov/pubmed/33374733
http://doi.org/10.1016/j.jaci.2019.10.009
http://www.ncbi.nlm.nih.gov/pubmed/31654650
http://doi.org/10.1016/j.celrep.2016.05.047
http://www.ncbi.nlm.nih.gov/pubmed/27332875
http://doi.org/10.1038/nature12726
http://doi.org/10.1126/science.1241165
http://doi.org/10.1038/nature12721
http://doi.org/10.1016/j.jri.2014.02.005
http://doi.org/10.1016/j.immuni.2009.03.019
http://doi.org/10.1093/intimm/dxm014
http://www.ncbi.nlm.nih.gov/pubmed/17329235
http://doi.org/10.1073/pnas.0509484103
http://www.ncbi.nlm.nih.gov/pubmed/16617117
http://doi.org/10.1016/j.autrev.2014.10.011
http://www.ncbi.nlm.nih.gov/pubmed/25449679
http://doi.org/10.1016/S1074-7613(02)00280-7
http://www.ncbi.nlm.nih.gov/pubmed/3269360
http://doi.org/10.1182/blood-2006-12-064527
http://www.ncbi.nlm.nih.gov/pubmed/17449799


Int. J. Mol. Sci. 2022, 23, 5740 16 of 17

37. Herrath, J.; Chemin, K.; Albrecht, I.; Catrina, A.I.; Malmström, V. Surface expression of CD39 identifies an enriched Treg-cell
subset in the rheumatic joint, which does not suppress IL-17A secretion. Eur. J. Immunol. 2014, 44, 2979–2989. [CrossRef]

38. Deaglio, S.; Dwyer, K.M.; Gao, W.; Friedman, D.; Usheva, A.; Erat, A.; Chen, J.-F.; Enjyoji, K.; Linden, J.; Oukka, M.; et al.
Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J. Exp. Med.
2007, 204, 1257–1265. [CrossRef]

39. Redpath, S.A.; van der Werf, N.; Cervera, A.M.; MacDonald, A.S.; Gray, D.; Maizels, R.M.; Taylor, M.D. ICOS controls Foxp3 +

regulatory T-cell expansion, maintenance and IL-10 production during helminth infection. Eur. J. Immunol. 2013, 43, 705–715.
[CrossRef]

40. Zheng, J.; Chan, P.L.; Liu, Y.; Qin, G.; Xiang, Z.; Lam, K.-T.; Lewis, D.B.; Lau, Y.-L.; Tu, W. ICOS Regulates the Generation and
Function of Human CD4+ Treg in a CTLA-4 Dependent Manner. PLoS ONE 2013, 8, e82203. [CrossRef]

41. Krupnick, A.S.; Gelman, A.E.; Barchet, W.; Richardson, S.; Kreisel, F.H.; Turka, L.A.; Colonna, M.; Patterson, G.A.; Kreisel, D.
Cutting Edge: Murine Vascular Endothelium Activates and Induces the Generation of Allogeneic CD4+25+Foxp3+ Regulatory T
Cells. J. Immunol. 2005, 175, 6265–6270. [CrossRef] [PubMed]

42. Francisco, L.M.; Salinas, V.H.; Brown, K.E.; Vanguri, V.K.; Freeman, G.J.; Kuchroo, V.K.; Sharpe, A.H. PD-L1 regulates the
development, maintenance, and function of induced regulatory T cells. J. Exp. Med. 2009, 206, 3015–3029. [CrossRef] [PubMed]

43. Liu, W.; Putnam, A.L.; Xu-Yu, Z.; Szot, G.L.; Lee, M.R.; Zhu, S.; Gottlieb, P.A.; Kapranov, P.; Gingeras, T.R.; de St Groth, B.F.; et al.
CD127 expression inversely correlates with FoxP3 and suppressive function of human CD4+ T reg cells. J. Exp. Med. 2006, 203,
1701–1711. [CrossRef] [PubMed]

44. Baecher-Allan, C.; Wolf, E.; Hafler, D.A. MHC Class II Expression Identifies Functionally Distinct Human Regulatory T Cells. J.
Immunol. 2006, 176, 4622–4631. [CrossRef] [PubMed]

45. Schmidt, A.; Eriksson, M.; Shang, M.-M.; Weyd, H.; Tegnér, J. Comparative Analysis of Protocols to Induce Human CD4+Foxp3+
Regulatory T Cells by Combinations of IL-2, TGF-beta, Retinoic Acid, Rapamycin and Butyrate. PLoS ONE 2016, 11, e0148474.
[CrossRef]

46. Wang, J.; Huizinga, T.W.J.; Toes, R.E.M. De Novo Generation and Enhanced Suppression of Human CD4+CD25+ Regulatory T
Cells by Retinoic Acid. J. Immunol. 2009, 183, 4119–4126. [CrossRef]

47. Candía, E.; Reyes, P.; Covian, C.; Rodríguez, F.; Wainstein, N.; Morales, J.; Mosso, C.; Rosemblatt, M.; Fierro, J.A. Single and
combined effect of retinoic acid and rapamycin modulate the generation, activity and homing potential of induced human
regulatory T cells. PLoS ONE 2017, 12, e0182009. [CrossRef]

48. Long, S.A.; Buckner, J.H. Combination of rapamycin and IL-2 increases de novo induction of human CD4+CD25+FOXP3+ T cells.
J. Autoimmun. 2008, 30, 293–302. [CrossRef]

49. Jeffery, L.E.; Burke, F.; Mura, M.; Zheng, Y.; Qureshi, O.S.; Hewison, M.; Walker, L.S.K.; Lammas, D.A.; Raza, K.; Sansom, D.M.
1,25-Dihydroxyvitamin D3 and IL-2 Combine to Inhibit T Cell Production of Inflammatory Cytokines and Promote Development
of Regulatory T Cells Expressing CTLA-4 and FoxP3. J. Immunol. 2009, 183, 5458–5467. [CrossRef]

50. Hsu, P.; Santner-Nanan, B.; Hu, M.; Skarratt, K.; Lee, C.H.; O Stormon, M.; Wong, M.; Fuller, S.J.; Nanan, R. IL-10 Potentiates
Differentiation of Human Induced Regulatory T Cells via STAT3 and Foxo1. J. Immunol. 2015, 195, 3665–3674. [CrossRef]

51. Tran, D.Q.; Ramsey, H.; Shevach, E.M. Induction of FOXP3 expression in naive human CD4+FOXP3− T cells by T-cell receptor
stimulation is transforming growth factor-β–dependent but does not confer a regulatory phenotype. Blood 2007, 110, 2983–2990.
[CrossRef] [PubMed]

52. Rossetti, M.; Spreafico, R.; Saidin, S.; Chua, C.; Moshref, M.; Leong, J.Y.; Tan, Y.K.; Thumboo, J.; Van Loosdregt, J.; Albani, S. Ex
Vivo–Expanded but Not In Vitro–Induced Human Regulatory T Cells Are Candidates for Cell Therapy in Autoimmune Diseases
Thanks to Stable Demethylation of the FOXP3 Regulatory T Cell–Specific Demethylated Region. J. Immunol. 2014, 194, 113–124.
[CrossRef] [PubMed]

53. Shevach, E.M.; Thornton, A.M. tTregs, pTregs, and iTregs: Similarities and differences. Immunol. Rev. 2014, 259, 88–102. [CrossRef]
[PubMed]

54. Caccamo, N.; Joosten, S.A.; Ottenhoff, T.H.M.; Dieli, F. Atypical Human Effector/Memory CD4+ T Cells with a Naive-Like
Phenotype. Front. Immunol. 2018, 9, 2832. [CrossRef]

55. Larbi, A.; Fulop, T. From “truly naïve” to “exhausted senescent” T cells: When markers predict functionality. Cytom. Part A 2013,
85, 25–35. [CrossRef]

56. Braber, I.D.; Mugwagwa, T.; Vrisekoop, N.; Westera, L.; Mögling, R.; de Boer, A.B.; Willems, N.; Schrijver, E.H.; Spierenburg, G.;
Gaiser, K.; et al. Maintenance of Peripheral Naive T Cells Is Sustained by Thymus Output in Mice but Not Humans. Immunity
2012, 36, 288–297. [CrossRef]

57. Silva, S.L.; Sousa, A.E. Establishment and Maintenance of the Human Naïve CD4+ T-Cell Compartment. Front. Pediatr. 2016,
4, 119. [CrossRef]

58. van den Broek, T.; Borghans, J.A.M.; Van Wijk, F. The full spectrum of human naive T cells. Nat. Rev. Immunol. 2018, 18, 363–373.
[CrossRef]

59. Pulko, V.; Davies, J.S.; Martinez, C.; Lanteri, M.C.; Busch, M.C.L.M.P.; Diamond, M.S.; Knox, K.; Bush, E.C.; Sims, P.; Sinari, S.;
et al. Human memory T cells with a naive phenotype accumulate with aging and respond to persistent viruses. Nat. Immunol.
2016, 17, 966–975. [CrossRef]

http://doi.org/10.1002/eji.201344140
http://doi.org/10.1084/jem.20062512
http://doi.org/10.1002/eji.201242794
http://doi.org/10.1371/journal.pone.0082203
http://doi.org/10.4049/jimmunol.175.10.6265
http://www.ncbi.nlm.nih.gov/pubmed/16272276
http://doi.org/10.1084/jem.20090847
http://www.ncbi.nlm.nih.gov/pubmed/20008522
http://doi.org/10.1084/jem.20060772
http://www.ncbi.nlm.nih.gov/pubmed/16818678
http://doi.org/10.4049/jimmunol.176.8.4622
http://www.ncbi.nlm.nih.gov/pubmed/16585553
http://doi.org/10.1371/journal.pone.0148474
http://doi.org/10.4049/jimmunol.0901065
http://doi.org/10.1371/journal.pone.0182009
http://doi.org/10.1016/j.jaut.2007.12.012
http://doi.org/10.4049/jimmunol.0803217
http://doi.org/10.4049/jimmunol.1402898
http://doi.org/10.1182/blood-2007-06-094656
http://www.ncbi.nlm.nih.gov/pubmed/17644734
http://doi.org/10.4049/jimmunol.1401145
http://www.ncbi.nlm.nih.gov/pubmed/25452562
http://doi.org/10.1111/imr.12160
http://www.ncbi.nlm.nih.gov/pubmed/24712461
http://doi.org/10.3389/fimmu.2018.02832
http://doi.org/10.1002/cyto.a.22351
http://doi.org/10.1016/j.immuni.2012.02.006
http://doi.org/10.3389/fped.2016.00119
http://doi.org/10.1038/s41577-018-0001-y
http://doi.org/10.1038/ni.3483


Int. J. Mol. Sci. 2022, 23, 5740 17 of 17

60. Qi, Q.; Liu, Y.; Cheng, Y.; Glanville, J.; Zhang, D.; Lee, J.-Y.; Olshen, R.A.; Weyand, C.M.; Boyd, S.D.; Goronzy, J.J. Diversity and
clonal selection in the human T-cell repertoire. Proc. Natl. Acad. Sci. USA 2014, 111, 13139–13144. [CrossRef]

61. Goronzy, J.J.; Fang, F.; Cavanagh, M.M.; Fengqin, F.; Weyand, C.M. Naive T Cell Maintenance and Function in Human Aging. J.
Immunol. 2015, 194, 4073–4080. [CrossRef] [PubMed]

62. Teteloshvili, N.; Kluiver, J.; Van Der Geest, K.S.M.; Van Der Lei, R.J.; Jellema, P.; Pawelec, G.; Brouwer, E.; Kroesen, B.-J.; Boots,
A.M.H.; van den Berg, A. Age-Associated Differences in MiRNA Signatures Are Restricted to CD45RO Negative T Cells and Are
Associated with Changes in the Cellular Composition, Activation and Cellular Ageing. PLoS ONE 2015, 10, e0137556. [CrossRef]

63. Potaczek, D.P.; Harb, H.; Michel, S.; Alhamwe, B.A.; Renz, H.; Tost, J. Epigenetics and allergy: From basic mechanisms to clinical
applications. Epigenomics 2017, 9, 539–571. [CrossRef] [PubMed]

64. Alaskhar Alhamwe, B.; Khalaila, R.; Wolf, J.; Von Bülow, V.; Harb, H.; Alhamdan, F.; Hii, C.S.; Prescott, S.L.; Ferrante, A.; Renz, H.;
et al. Histone modifications and their role in epigenetics of atopy and allergic diseases. Allergy Asthma Clin. Immunol. 2018, 14, 39.
[CrossRef] [PubMed]

65. Alhamwe, B.A.; Alhamdan, F.; Ruhl, A.; Potaczek, D.P.; Renz, H. The role of epigenetics in allergy and asthma development. Curr.
Opin. Allergy Clin. Immunol. 2020, 20, 48–55. [CrossRef]

66. Delgoffe, G.M.; Kole, T.P.; Zheng, Y.; Zarek, P.E.; Matthews, K.L.; Xiao, B.; Worley, P.F.; Kozma, S.C.; Powell, J.D. The mTOR
Kinase Differentially Regulates Effector and Regulatory T Cell Lineage Commitment. Immunity 2009, 30, 832–844. [CrossRef]

67. Dennis, P.B.; Jaeschke, A.; Saitoh, M.; Fowler, B.; Kozma, S.C.; Thomas, G. Mammalian TOR: A Homeostatic ATP Sensor. Science
2001, 294, 1102–1105. [CrossRef]

68. Timperi, E.; Barnaba, V. CD39 Regulation and Functions in T Cells. Int. J. Mol. Sci. 2021, 22, 8068. [CrossRef]
69. Rissiek, A.; Baumann, I.; Cuapio, A.; Mautner, A.; Kolster, M.; Arck, P.C.; Dodge-Khatami, A.; Mittrücker, H.-W.; Koch-Nolte, F.;

Haag, F.; et al. The expression of CD39 on regulatory T cells is genetically driven and further upregulated at sites of inflammation.
J. Autoimmun. 2015, 58, 12–20. [CrossRef]

70. Timperi, E.; Folgori, L.; Amodio, D.; De Luca, M.; Chiurchiù, S.; Piconese, S.; Di Cesare, S.; Pacella, I.; Martire, C.; Bonatti, G.; et al.
Expansion of activated regulatory T cells inversely correlates with clinical severity in septic neonates. J. Allergy Clin. Immunol.
2016, 137, 1617–1620. [CrossRef]

71. Harb, H.; Amarasekera, M.; Ashley, S.; Tulic, M.K.; Pfefferle, P.I.; Potaczek, D.P.; Martino, D.; Kesper, D.A.; Prescott, S.L.; Renz,
H. Epigenetic Regulation in Early Childhood: A Miniaturized and Validated Method to Assess Histone Acetylation. Int. Arch.
Allergy Immunol. 2015, 168, 173–181. [CrossRef] [PubMed]

72. Abbring, S.; Wolf, J.; Ayechu-Muruzabal, V.; Diks, M.A.; Alhamdan, F.; Harb, H.; Renz, H.; Garn, H.; Potaczek, D.P.; Van Esch,
B.C.; et al. Raw Cow’s Milk Reduces Allergic Symptoms in a Murine Model for Food Allergy—A Potential Role for Epigenetic
Modifications. Nutrients 2019, 11, 1721. [CrossRef] [PubMed]

73. Alhamwe, B.A.; Meulenbroek, L.A.P.M.; Veening-Griffioen, D.H.; Wehkamp, T.M.D.; Alhamdan, F.; Miethe, S.; Harb, H.;
Hogenkamp, A.; Knippels, L.M.J.; Von Strandmann, E.P.; et al. Decreased Histone Acetylation Levels at Th1 and Regulatory Loci
after Induction of Food Allergy. Nutrients 2020, 12, 3193. [CrossRef] [PubMed]

74. Haring, M.; Offermann, S.; Danker, T.; Horst, I.; Peterhansel, C.; Stam, M. Chromatin immunoprecipitation: Optimization,
quantitative analysis and data normalization. Plant Methods 2007, 3, 11. [CrossRef] [PubMed]

75. Hu, M. Human Regulatory T Cell Physiology—Lessons Learnt from Newborns and Adults. Ph.D. Thesis, The University of
Sydney, Sydney, Australia, 2018.

http://doi.org/10.1073/pnas.1409155111
http://doi.org/10.4049/jimmunol.1500046
http://www.ncbi.nlm.nih.gov/pubmed/25888703
http://doi.org/10.1371/journal.pone.0137556
http://doi.org/10.2217/epi-2016-0162
http://www.ncbi.nlm.nih.gov/pubmed/28322581
http://doi.org/10.1186/s13223-018-0259-4
http://www.ncbi.nlm.nih.gov/pubmed/29796022
http://doi.org/10.1097/ACI.0000000000000598
http://doi.org/10.1016/j.immuni.2009.04.014
http://doi.org/10.1126/science.1063518
http://doi.org/10.3390/ijms22158068
http://doi.org/10.1016/j.jaut.2014.12.007
http://doi.org/10.1016/j.jaci.2015.10.048
http://doi.org/10.1159/000442158
http://www.ncbi.nlm.nih.gov/pubmed/26789836
http://doi.org/10.3390/nu11081721
http://www.ncbi.nlm.nih.gov/pubmed/31349704
http://doi.org/10.3390/nu12103193
http://www.ncbi.nlm.nih.gov/pubmed/33086571
http://doi.org/10.1186/1746-4811-3-11
http://www.ncbi.nlm.nih.gov/pubmed/17892552

	Introduction 
	Results 
	Differential Activation Patterns in the Generation of Human Tregs In Vitro via SCFAs 
	Butyrate and Propionate, but Not Acetate, Potentiate the Expression of Phenotypic Markers of Human TGF–Induced Tregs In Vitro 
	Butyrate and Propionate, but Not Acetate, Enhance the Suppressive Capacity of Human TGF–Induced Tregs In Vitro 
	Butyrate and Propionate Affect Histone Acetylation Levels at Important Regulatory Regions of Genes Encoding Molecules Crucial for Treg Function 

	Discussion 
	Materials and Methods 
	Participants 
	Mononuclear Cell Isolation 
	Fluorescence-Activated Cell Sorting (FACS) 
	In Vitro Cultures 
	Suppression Assay 
	Flow Cytometry 
	Chromatin Immunoprecipitation–Quantitative Polymerase Chain Reaction (ChIP-qPCR) 
	Statistical Analyses 

	References

