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Abstract: Patients with ulcerative colitis (UC) have reduced intestinal levels of short-chain fatty acids
(SCFAs), including butyrate, which are important regulators of host–microbiota crosstalk. The aim
was therefore to determine effects of butyrate on blood and intestinal T cells from patients with
active UC. T cells from UC patients and healthy subjects were polyclonally stimulated together
with SCFAs and proliferation, activation, cytokine secretion, and surface expression of cytotoxic
T lymphocyte-associated antigen-4 (CTLA-4) were analyzed. Butyrate induced comparable, dose
dependent inhibition of activation and proliferation in blood T cells and activation in intestinal T
cells from UC patients and healthy subjects. However, surface expression of the inhibitory molecule
CTLA-4 on stimulated blood and intestinal T cells was impaired in UC patients and was not restored
following butyrate treatment. Furthermore, unlike intestinal T cells from healthy subjects, butyrate
was unable to downregulate secretion of interferon gamma (IFNγ), interleukin (IL)-4, IL-17A, and IL-
10 in UC patients. Although seemingly normal inhibitory effects on T cell activation and proliferation,
butyrate has an impaired ability to reduce cytokine secretion and induce surface expression of CTLA-
4 in T cells from UC patients with active disease. Overall, these observations indicate a dysfunction in
butyrate induced immune regulation linked to CTLA-4 signaling in T cells from UC patients during
a flare.

Keywords: ulcerative colitis; short-chain fatty acids; butyrate; T cells; CTLA-4

1. Introduction

Inflammatory bowel disease (IBD), mainly comprising ulcerative colitis (UC) and
Crohn’s disease (CD), is a chronic intestinal disorder ascribed to an exaggerated and pro-
tracted immune activity directed against the commensal microbiota which eventually
results in inflammation of the intestine [1,2]. The pathophysiology of the disease is incom-
pletely understood but involves genetic, environmental and microbial factors. In UC, the
inflammation involves the superficial mucosal layer, it extends proximally from rectum
into the colon in a continuous fashion and affected individuals experience diarrhea, rectal
bleeding, and abdominal pain [2]. Although malfunctions in innate immunity seem to
pave the way for inflammation, a key role for dysregulated T cell responses in propagation
and perpetuation of the consequent inflammation in the gut is widely accepted [3].

In the healthy gut, the host-microbiota interplay is a crucial regulatory factor, training
the immune system to differentiate the commensal bacteria from pathogens and thus
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sustaining homeostasis. This crosstalk is largely achieved through byproducts of microbial
metabolism of dietary components such as short chain fatty acids (SCFAs), primarily
butyrate, propionate and acetate [4]. These metabolites exert their effects by binding to
G-protein-coupled receptors and/or inhibiting histone deacetylases (HDACs) [5]. The
immunoregulatory effect of SCFAs on immune cells in the gut may be of importance for
IBD. For instance, butyrate has been reported to inhibit NFKB signaling and decrease
pro-inflammatory cytokine production in blood and intestinal mononuclear cells from
patients with CD [6]. Butyrate has also been demonstrated to decrease expression of Th17
cytokines while inducing differentiation of blood T regulatory cells (Treg) in a rat model of
colitis [7].

T cell activation and proliferation is downregulated by cytotoxic T lymphocyte-
associated antigen-4 (CTLA-4) binding to the costimulatory molecules CD80 and CD86
on antigen presenting cells [8]. While CTLA-4 is not expressed by resting T cells, its ex-
pression on the cell surface is transiently upregulated upon activation, as a regulatory
negative feedback mechanism [9], and immunoregulation of T cell responses through
CTLA-4 is thus important for maintaining gut homeostasis. In healthy mice, blocking of
CTLA-4 for a limited time induces spontaneous autoimmune disease [10]. Further, the
most common side effect of anti-CTLA-4 immunotherapy in cancer patients is enterocolitis,
most likely due to increased intestinal levels of the pro-inflammatory cytokines IFNγ and
IL-17A [11,12].

Although SCFAs have been recognized as potential therapeutic agents for IBD, clinical
attempts have not always been rewarding [13–16]. Therefore, clarification of the effects of
SCFAs, and especially butyrate, on T cell activity in the context of IBD is needed. The aim
of this study was therefore to determine effects of butyrate on blood and intestinal T cells
in UC patients.

2. Results
2.1. SCFAs Inhibit Blood T Cell Proliferation and Activation in Healthy Subjects and Patients with
Active Ulcerative Colitis

To evaluate the effects of SCFAs on CD4+ and CD8+ T cell proliferation and activation,
peripheral blood mononuclear cells (PBMCs) were polyclonally stimulated together with
increasing concentrations (0–6.4 mM) of butyrate, proprionate, and acetate. Median fre-
quencies of live cells (live/dead aqua− or 7AAD−) and apoptotic cells (AnnexinV+) were
87–89% and 0.5–1.5%, respectively, except for cell cultures with 6.4 mM butyrate where
median frequency of live and apoptotic cells were 44% and 7.5%, respectively (Figure S1).
Therefore, proprionate and acetate concentrations of 0–6.4 mM and butyrate concentrations
of 0–1.6 mM were used for subsequent studies.

The effects of SCFAs on CD4+ and CD8+ T cell proliferation and activation were first
analyzed in blood cells from healthy subjects (Figure 1a). A dose-dependent suppression
of CD4+ and CD8+ T cell proliferation by addition of butyrate and proprionate, but not
acetate, was detected (Figure 1b). T cell activation, determined by median fluorescent
intensity of CD25 expression on CD4+ and CD8+ T cells, was dose-dependently suppressed
by butyrate and proprionate, while no effect was recorded by the addition of acetate to
the cell cultures (Figure 1c). Similarly, frequencies of CD25+ cells among total CD4+ and
CD8+ T cells were reduced by butyrate and proprionate, but not acetate (Figure S2). Also,
in patients with active UC median fluorescent intensity of CD25 expression on CD4+ and
CD8+ T cells was found to be suppressed by butyrate (Figure 1d).

To verify involvement of HDAC class I and II inhibition, purified CD4+ T cells were
stimulated for 48 h and subsequently treated with increasing doses of SCFAs and analyzed
for HDAC I and II activity. Most prominent suppression was detected for butyrate followed
by proprionate, while the effects of acetate were more modest (Figure 1e). Due to this, cells
were treated only with butyrate for the remainder of the study.
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Figure 1. Effects of short-chain fatty acid (SCFA) on blood T cell proliferation and activation. Carboxyfluorescein succin-
imidyl ester (CFSE) labeled peripheral blood mononuclear cells (PBMCs) were stimulated with anti-CD3 and anti-CD28
with increasing concentrations of butyrate (0–1.6 mM), proprionate (0–6.4 mM) or acetate (0–6.4 mM) for 72 h and analyzed
by flow cytometry. (a) Left, gating strategy using a healthy subject for CD4+ and CD8+ T cells from live lymphocytes. Right,
gating strategy for proliferating cells (CFSE intensity) and activated cells (CD25). Dotted line shows cells cultured without
anti-CD3 and anti-CD28. (b) The frequency of proliferating T cells and (c) change in median fluorescent intensity (MFI)
of CD25 in stimulated T cells from healthy subjects (n = 9). (d) Change in CD25 MFI in stimulated T cells from ulcerative
colitis (UC) patients with active disease (n = 7). (e) Histone deacetylase (HDAC) I and II activity in purified CD4+ T cells
stimulated with anti-CD3 and anti-CD28 for 48h followed by addition of SCFAs at increasing doses for 1.5 h and subsequent
HDAC-GloTM I/II assay (n = 6 healthy subjects). Data are shown as median and interquartile range.

2.2. Butyrate Induces Surface Expression of CTLA-4 on Stimulated Blood T Cells from Healthy
Subjects but not on Blood T Cells from Patients with Active Ulcerative Colitis

Activation of T cells is accompanied by recruitment of the inhibitory receptor CTLA-4
to the surface of T cells for regulation. Surface expression of CTLA-4 on both CD4+ and
CD8+ blood T cells after polyclonal stimulation was determined (Figure 2a). Butyrate
concentrations of 0.1 mM and 0.4 mM induced CTLA-4 expression on proliferating CD4+

and CD8+ T cells in healthy subjects while no effects were detected for patients with active
UC (Figure 2b). In addition, CTLA-4 expression was higher on both CD4+ and CD8+ T cells
in healthy subjects than UC patients, both with and without addition of butyrate (0.1–0.4
mM) (Figure 2b). In summary, T cell surface expression of CTLA-4 expression is reduced in
UC patients and is not restored by butyrate treatment.
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Figure 2. Effects of butyrate on cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) surface expression on blood T cells
from healthy subjects and UC patients with active disease. PBMCs were stimulated with anti-CD3 and anti-CD28 with
increasing concentrations of butyrate (0–1.6 mM) for 72 h and analyzed by flow cytometry. (a) Gating strategy in an active
UC patient for CTLA-4 expression on CD4+ (top) and CD8+ (bottom) T cells. (b) Frequency of CTLA-4 expressing CD4+

and CD8+ T cells among healthy subjects (open circles, n = 9) and patients with active ulcerative colitis (solid squares, n = 7).
Comparisons within healthy subjects (solid lines) and within UC patients (dotted lines) are denoted with * where * < 0.05
and ** < 0.01. Comparisons between healthy subjects and UC are denoted with ¥ where ¥ < 0.05, ¥¥ < 0.01, ¥¥¥ < 0.001 and
¥¥¥¥ < 0.0001. Ns = non-significant. Data are shown as median and interquartile range.

2.3. Butyrate Inhibits Lamina Propria T Cell Activation in Non-Inflamed Subjects and Patients
with Active Ulcerative Colitis

Next, we analyzed the effects of butyrate on lamina propria (LP) T cell activation.
Sigmoidal LP T cells from UC patients with active disease and non-inflamed subjects were
polyclonally stimulated with increasing concentrations of butyrate. Activation, determined
by median fluorescent intensity of CD25 expression, was efficiently reduced for CD4+

and CD8+ T cells in both study groups (Figure 3). Similar results were obtained when
comparing stimulated LP T cells from non-inflamed ascending colon from the same study
subjects as above (UC patients and non-inflamed subjects) (Figure S3a).

Figure 3. Effects of butyrate on lamina propria T cell proliferation and activation. Lamina propria (LP) cells were stimulated
with anti-CD3 and anti-CD28 with increasing concentrations of butyrate (0–1.6 mM) for 48 h and analyzed by flow cytometry.
(a) Gating strategy using LP cells from a non-inflamed subject. Live LP cells (7AAD−) were gated into CD4+ and CD8+

T cells (left panel) and further gated for activated cells (CD25). Dotted line shows cells cultured without anti-CD3 and
anti-CD28. (b) Change in CD25 median fluorescent intensity (MFI) in stimulated CD4+ (left) and CD8+ (right) T cells from
inflamed sigmoid colon of UC patients (n = 4) and sigmoid colon of non-inflamed subjects (n = 6). Data are shown as
median and interquartile range. Comparisons between non-inflamed subjects and UC are denoted with ¥ where ¥¥ < 0.01.
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2.4. Impaired Butyrate Induced CTLA-4 Expression and Altered Cytokine Profile of Lamina
Propria T Cells from Patients with Active Ulcerative Colitis

Surface expression of CTLA-4 on CD4+ and CD8+ LP T cells after polyclonal stim-
ulation was determined (Figure 4a). The addition of 0.4 mM butyrate induced CTLA-4
expression on sigmoidal CD4+ LP T cells in both non-inflamed subjects and patients with
active UC while no effect was detected for CD8+ LP T cells (Figure 4b). Further, CTLA-4 ex-
pression was higher on both CD4+ and CD8+ T cells in non-inflamed subjects as compared
to UC patients with active inflammation (Figure 4a,b). A similar pattern was detected in
LP T cells from non-inflamed ascending colon from the same study subjects as above (UC
patients and non-inflamed subjects) (Figure S3b).

Next, we analyzed cytokine expression in the supernatants from stimulated sigmoidal
LP cells. For non-inflamed subjects, IFNγ, IL-4, IL-17A, and IL-10 were decreased by
addition of butyrate, while no effects were detected for patients with active UC (Figure 5).

Figure 4. Effects of butyrate on CTLA-4 surface expression on lamina propria T cells from healthy subjects and UC patients
with active disease. Lamina propria (LP) cells were stimulated with anti-CD3 and anti-CD28 with increasing concentrations
of butyrate (0–1.6 mM) for 48h and analyzed by flow cytometry. (a) Gating strategy using a non-inflamed subject for
CTLA-4 expression on CD4+ (top) and CD8+ (bottom) T cells. (b) Frequency of CTLA-4 expressing CD4+ and CD8+

LP T cells among non-inflamed subjects (open circles, n = 6) and patients with active ulcerative colitis (solid squares,
n = 6). Comparisons within non-inflamed subjects (solid lines) and within UC patients (dotted lines) are denoted with
* where * < 0.05. Comparisons between non-inflamed subjects and UC are denoted with ¥ where ¥ < 0.05 and ¥¥ < 0.01.
Ns = non-significant. Data are shown as median and interquartile range.

Figure 5. Effects of butyrate on cytokine expression in lamina propria T cells from healthy subjects and UC patients with
active disease. Lamina propria (LP) cells were stimulated with anti-CD3 and anti-CD28 and treated with butyrate (1.6 Mm)
for 48 h. Cytokine production of IFNγ, IL-4, IL-17A, and IL-10 were analyzed by ELISA and MSD. Data are shown as
median and interquartile range.
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3. Discussion

The current study demonstrates that although butyrate equally inhibits activation
and proliferation of blood and intestinal T cells obtained from UC patients and healthy
subjects, butyrate does not downregulate cytokine secretion of intestinal T cells recovered
from UC patients. Further, the surface expression of CTLA-4 on stimulated T cells from
UC patients is reduced and not restored by butyrate treatment. Thus, our data suggest an
impaired butyrate induced control of T cell function linked to CTLA-4 in patients with UC,
potentially resulting in dysregulated immune activity.

Similar to previous reports, treatment with butyrate and proprionate, but not acetate,
dose-dependently decreased the proliferation and activation of T cells [17–20]. This is
probably due to higher HDAC inhibition potency of butyrate and proprionate compared to
acetate, although an insufficient acetate concentration cannot be ruled out as an explanation
for the dissimilarity in effect of SCFAs on T cells. While SCFAs also can act through the
G-protein coupled receptors GPR41 and GPR43, this is less likely the signaling pathway of
importance, as T cells do not express these receptors at a functional level [21].

While alleles linked to stability and expression levels of CTLA-4 have been described
in UC, the functional role in disease pathogenesis is yet to be established [22]. Our study
demonstrates that, similar to blood T cells, intestinal T cells from UC patients had lower
expression of CTLA-4 following polyclonal activation compared to that of healthy subjects,
regardless of whether the UC biopsies were inflamed or not. Our findings are supported
by Wang et al. (2019), demonstrating that the expression of CTLA-4 is lower in follicular
regulatory T cells from UC patients than in T cells from healthy individuals [23]. Moreover,
butyrate upregulates CTLA-4 expression on blood T cells from healthy subjects, but fails to
do so in UC patients. For intestinal T cells, CTLA-4 is induced on CD4+ but not CD8+ T cells,
both for healthy individuals and UC patients. The discrepancy between CTLA-4 regulation
at different sites may be inherent to the fact that the majority of the blood T cells are naïve
while the intestinal T cells are effector T cells, influenced by the local environment. CTLA-4
expression and function can be suppressed in T helper cell 17 (Th17) promoting milieu [24],
a known condition of UC patients [25,26]. Thus, a dysregulated Th17 response might have
contributed to the impaired CTLA-4 expression capacity of T cells from UC patients in
our study. Moreover, while intestinal T cells of healthy subjects and UC patients secreted
comparable cytokine levels after polyclonal stimulation, butyrate treatment decreased
cytokine secretion of intestinal T cells from healthy subjects but not from UC patients,
indicating a higher resistance to the immune modulating effect of butyrate in UC.

High levels of butyrate and proprionate have been reported to interfere with the anti-
tumor activity of CTLA-4 blockade in cancer patients and associates to higher frequencies
of blood Tregs [27]. In our setting, we have not specifically studied Tregs and the polyclonal
stimulation used does not promote their formation even though many of the T cells,
especially from the intestinal tissue, are likely to be Tregs. CTLA-4, a molecule important
for negative feedback mechanisms of T cell activity, is known to be highly expressed on
Tregs but is also expressed on conventional T cells during activation. The extent of immune
suppression will be dependent on the expression level of CTLA-4 both for intrinsic and
extrinsic regulation. The intrinsic regulation includes disruption of intracellular T cell
receptor signaling inhibiting T cell activation upon binding to co-stimulatory molecules [8]
as well as CTLA-4-induced T cell motility limiting the interaction time between the T
cell and the antigen presenting cell [28]. The extrinsic regulation includes blocking and
internalization of co-stimulatory molecules [29]. Together these act both on the innate and
adaptive arms of the immune system to dampen the inflammatory response.

IBD is commonly associated with altered gut microbiota composition, including
decreased abundance of SCFA producing bacteria like Roseburia hominis and Faecalibacterium
prausnitzii resulting in lower levels of butyrate, which has been hypothesized to play a
role in the etiology of the disease [30,31]. Although there have been attempts to increase
the gut butyrate levels in IBD patients both through SCFA promoting high-fiber diets
or rectal administration of butyrate enemas, therapeutic outcomes have not met initial
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expectations [14,32]. In addition to decreased intestinal butyrate levels, an impaired
utilization of butyrate in UC patients has been proposed [33–35]. Further, UC patients with
mild to severe disease activity have been shown to express low levels of genes involved in
butyrate uptake and oxidation [36]. Also, a recent pathway enrichment analysis showed
altered butyrate metabolism in UC patients [37], and our group demonstrated that butyrate
more potently down-regulates gene expression of inflammatory pathways in non-inflamed
controls than in inflamed tissue of UC patients [38]. It should be noted that the effect
of butyrate may differ according to the local microenvironment. For instance, butyrate,
which otherwise promotes epithelial barrier integrity, could be detrimental in the presence
of tumor necrosis factor alpha and IFNγ [39]. Butyrate can also induce different T cell
responses depending on the cytokine milieu [21].

There are limitations of this study, and we acknowledge the small sample size as a
caveat of the current study and the need for validation in a larger cohort for more grounded
conclusions. Also, histological evaluation of intestinal tissue as well as location of different
T cell subsets in the biopsies would have been optimal; however, all available biopsies
were used to obtain enough cells for the butyrate analysis. Moreover, profiling the T cells
prior to stimulation and butyrate treatment may have provided a better understanding of
effects of butyrate on specific T cell subsets. Furthermore, although not part of this study,
and the effect size is probably small, the potential indirect effects of butyrate via other cells
in the cultures should also be considered. On the other hand, this study was not limited
to blood T cells and included intestinal T cells from inflamed and non-inflamed colon of
UC patients and healthy subjects. The results obtained from blood and intestinal T cells
were consistent, which strengthens the validity and reliability of the current conclusions.
Finally, while CTLA-4 expression was only assessed extracellularly, it is known that the
majority of CTLA-4 is localized intracellularly and cycles between intracellular vesicles and
the cell surface upon activation [40]. Nevertheless, CTLA-4 can only assert its functions
when cycled to the cell surface, therefore only extracellular expression was evaluated.

To conclude, although butyrate inhibits activation and proliferation of blood and
intestinal T cells obtained from both UC patients and healthy subjects, butyrate does not
downregulate cytokine secretion of intestinal T cells recovered from UC patients. Also, T
cell surface expression of CTLA-4 expression is reduced in UC patients and is not restored
by butyrate treatment. Overall, these observations indicate a dysfunction in butyrate
induced T cell regulation linked to CTLA-4 signaling for patients with UC.

4. Materials and Methods
4.1. Demographics of Participating Subjects and Sample Collection

Study subjects were recruited among patients at the outpatient clinic at the Sahlgrenska
University Hospital, Gothenburg, Sweden and among healthy volunteers at AstraZeneca,
Mölndal, Sweden. Venous blood was obtained from nine healthy subjects (four females)
between 18–65 years although exact age of donors was hidden to the study. Biopsies
were obtained from six non-inflamed subjects (four females, mean age 53, range 22–77)
undergoing colonoscopy for other indications than inflammation (polyps, weight loss).
Additionally, venous blood was obtained from seven UC patients (two females, mean age
55, range 32–78) and colonic biopsies from six UC patients (two females, mean age 47,
range 40–58). The patients with UC had active disease (endoscopic Mayo score 3; n = 1,
2; n = 8, 1; n = 2) and a median disease duration of 18 years (0–41). Current treatments
were 5-ASA (n = 7), cortison (n = 1), thiopurines (n = 1), 5-ASA/thiopurines (n = 2) or
5-ASA/anti-TNF (n = 1), one patient was without treatment.

4.2. Blood and Lamina Propria Cell Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized venous
blood by density-gradient centrifugation on Ficoll-Paque (GE Healthcare, Danderyd, Swe-
den). For studies of histone deacetylase (HDAC) I and II activity, CD4+ T cells were purified
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from PBMCs using DynabeadsTM CD4 (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s manual.

Biopsies were collected in PBS and put on ice. Epithelial cells were removed by
incubating for 15 min at 37 ◦C with HBSS-EDTA (HBSS containing 2% FCS, 1.5 mM Hepes
and 2 mM EDTA) three times followed by a wash in RPMI 1640 containing 10% FCS
and 1.5 mM Hepes (all from Sigma-Aldrich, Saint Louis, MO, USA). Lamina propria (LP)
cells were prepared by a 45–60 min incubation at 37 ◦C with 2 mg/mL collagenase D
(Sigma-Aldrich) and 60 U/mL DNase I (Sigma-Aldrich) diluted in RPMI 1640 with 10%
FCS, 1.5 mM Hepes and 2 mM CaCl2 (Sigma-Aldrich) and filtered through a nylon mesh.

4.3. Cell Cultivation Assays

Total PBMC or LP cell populations (2 × 105 cell/well) were cultured for 3 or 2 days,
respectively, at 37 ◦C and 5% CO2, in Iscove’s medium supplemented with 10% human
FBS, 100 µg/mL gentamicin (Sigma-Aldrich) and 3 µg/mL L-glutamine (Sigma-Aldrich),
without or with different concentrations of sodium acetate (S2889), sodium proprionate
(P1880) or sodium butyrate (B5887, all from Sigma Aldrich). The cell cultures were stimu-
lated polyclonally in flat-bottomed 96-well plates (Nunc, Roskilde, Denmark). Plates were
precoated with 3 µg/mL goat anti-mouse IgG (Jackson Immunoresearch labs, West Grove,
PA, USA), and 12.5 ng/mL mouse anti-CD3mAb (BD Pharmingen, San Diego, CA, USA)
and 0.05 µg/mL soluble anti-CD28mAb (BD Pharmingen) were added together with the
cells. T cell proliferation was measured by dilution of 5, 6-carboxyfluorescein diacetate
succinimidyl ester (CFSE) dye. CFSE (Invitrogen) was added to 1 × 106 cells/mL PBMCs
in a final concentration of 0.2 µM and incubated at 37 ◦C for 10 min prior to polyclonal
stimulation. Cells were immediately washed in Iscove’s medium supplemented with 10%
human FBS, 100 µg/mL gentamicin and 3 µg/mL L-glutamine after the CFSE incubation
period. Proliferating cells were defined as cells that had undergone at least one cell division
using non-stimulated cells as control.

4.4. Histone Deacetylase (HDAC) I and II Measurement

CD4+ T cells were stimulated as described above, but only for 48 h, and were then de-
tached, washed once, counted, and added to 384-well plates at a density of 1000 cells/well.
Cells were then stimulated with anti-CD3 and anti-CD28 (as above), with and without
addition of butyrate, proprionate or acetate and incubated at 37 ◦C and 5% CO2 for 1.5 h.
Relative activity of HDAC I and II enzymes was measured using the HDAC-Glo™ I/II
Assay and Screening System (Promega, Madison, WI, USA) according to the manufac-
turer’s instructions.

4.5. Flow Cytometry

Cultured cells were stained for flow cytometry analysis of various surface receptors
using combinations of the following antibodies: anti-CD3-BV786 or BV605, anti-CD4-PeCy7
or PerCP-Cy5.5, anti-CD8-FITC or APC-H7, anti-CD25-BV421, anti-CD25-PE and mouse
IgG2aκ-PE isotype control (all from BD Biosciences, San Jose, CA, USA). Live/Dead Fixable
Aqua Dead Cell Stain Kit (Molecular Probes, Invitrogen) or 7-Aminoactinomycin D (7AAD,
BD Biosciences) were used to exclude non-viable cells according to the manufacturers’
protocols. For analysis of apoptosis, cells were labelled with Annexin V diluted in Annexin
V Binding Buffer (BD Biosciences). Samples were collected with a LSRII or FACSFortessa
X20 flow cytometer (BD Biosciences) using DIVA software (BD Biosciences) and analyzed
using FlowJo software (Tree Star Inc., Ashland, KY, USA). Gates were set using Fluorescence
Minus One (FMO) or isotype control.

4.6. Cytokine Assays

Levels of IL-4, IL-10 and IL-17A in cell culture supernatants were measured using the
Meso Scale Discovery® (MSD) platform (MSD, Rockville, MD, USA). IFNγ in cell culture
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supernatants was measured by ELISA (Invitrogen). All assays were performed according
to the manufacturers’ instructions.

4.7. Statistical Analyses

The Mann–Whitney U test was used to evaluate differences between two groups. For
testing of differences between related samples Wilcoxon signed rank test (two groups) and
Friedman’s test with Dunn’s multiple comparison test (several groups) were used. All
statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software, La
Jolla, CA, USA); p-values < 0.05 were considered as statistically significant. Data are shown
as median (range) or median (inter quartile range, IQR) as defined in the text.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/6/3084/s1, Figure S1: Effects of SCFAs on cell viability and apoptosis, Figure S2: Effects of
butyrate and proprionate on the frequencies of activated T cells, Figure S3: Effects of butyrate on
activation and CTLA-4 expression on T cells from ascending colon.

Author Contributions: Conceptualization, L.Ö., H.K.O., and R.M.; methodology, L.Ö., M.K.M., S.I.,
A.V., H.K.O., and R.M.; formal analysis, M.K.M., S.I., and L.M.; resources, H.K.O.; writing—original
draft preparation, L.Ö., M.K.M. and L.M.; writing—review and editing, L.Ö., M.K.M., S.I., L.M.,
A.V., H.K.O., and R.M.; funding acquisition, L.Ö. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Swedish Foundation for Strategic Research (SSF), The Swedish
Medical Research Council and AstraZeneca.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board of the University of
Gothenburg (protocol codes Dnr 235-16 (May 24th 2016) and Dnr 563-02 (November 11th 2002)).

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

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: M.K.M., L.M., S.I., and L.Ö. declare no conflict of interest. A.V., R.M., and
H.K.O. are AstraZeneca employees. The authors declare no conflict of interest.

References
1. Abraham, C.; Cho, J.H. Inflammatory bowel disease. N. Engl. J. Med. 2009, 361, 2066–2078. [CrossRef]
2. Kobayashi, T.; Siegmund, B.; Le Berre, C.; Wei, S.C.; Ferrante, M.; Shen, B.; Bernstein, C.N.; Danese, S.; Peyrin-Biroulet, L.; Hibi, T.

Ulcerative colitis. Nat. Rev. Dis. Primers 2020, 6, 74. [CrossRef]
3. Maynard, C.L.; Weaver, C.T. Intestinal effector T cells in health and disease. Immunity 2009, 31, 389–400. [CrossRef] [PubMed]
4. Bilotta, A.J.; Cong, Y. Gut microbiota metabolite regulation of host defenses at mucosal surfaces: Implication in precision medicine.

Precis. Clin. Med. 2019, 2, 110–119. [CrossRef]
5. Parada Venegas, D.; De la Fuente, M.K.; Landskron, G.; Gonzalez, M.J.; Quera, R.; Dijkstra, G.; Harmsen, H.J.M.; Faber, K.N.;

Hermoso, M.A. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for
Inflammatory Bowel Diseases. Front. Immunol. 2019, 10, 277. [CrossRef]

6. Segain, J.P.; de la Bletiere, D.R.; Bourreille, A.; Leray, V.; Gervois, N.; Rosales, C.; Ferrier, L.; Bonnet, C.; Blottiere, H.M.; Galmiche,
J.P. Butyrate inhibits inflammatory responses through NFkappaB inhibition: Implications for Crohn’s disease. Gut 2000, 47,
397–403. [CrossRef] [PubMed]

7. Zhang, M.; Zhou, Q.; Dorfman, R.G.; Huang, X.; Fan, T.; Zhang, H.; Zhang, J.; Yu, C. Butyrate inhibits interleukin-17 and generates
Tregs to ameliorate colorectal colitis in rats. BMC Gastroenterol. 2016, 16, 84. [CrossRef] [PubMed]

8. Parry, R.V.; Chemnitz, J.M.; Frauwirth, K.A.; Lanfranco, A.R.; Braunstein, I.; Kobayashi, S.V.; Linsley, P.S.; Thompson, C.B.; Riley,
J.L. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms. Mol. Cell. Biol. 2005, 25, 9543–9553. [CrossRef]
[PubMed]

9. Linsley, P.S.; Greene, J.L.; Tan, P.; Bradshaw, J.; Ledbetter, J.A.; Anasetti, C.; Damle, N.K. Coexpression and functional cooperation
of CTLA-4 and CD28 on activated T lymphocytes. J. Exp. Med. 1992, 176, 1595–1604. [CrossRef]

10. Takahashi, T.; Tagami, T.; Yamazaki, S.; Uede, T.; Shimizu, J.; Sakaguchi, N.; Mak, T.W.; Sakaguchi, S. Immunologic self-tolerance
maintained by CD25(+)CD4(+) regulatory T cells constitutively expressing cytotoxic T lymphocyte-associated antigen 4. J. Exp.
Med. 2000, 192, 303–310. [CrossRef]

https://www.mdpi.com/1422-0067/22/6/3084/s1
https://www.mdpi.com/1422-0067/22/6/3084/s1
http://doi.org/10.1056/NEJMra0804647
http://doi.org/10.1038/s41572-020-0205-x
http://doi.org/10.1016/j.immuni.2009.08.012
http://www.ncbi.nlm.nih.gov/pubmed/19766082
http://doi.org/10.1093/pcmedi/pbz008
http://doi.org/10.3389/fimmu.2019.00277
http://doi.org/10.1136/gut.47.3.397
http://www.ncbi.nlm.nih.gov/pubmed/10940278
http://doi.org/10.1186/s12876-016-0500-x
http://www.ncbi.nlm.nih.gov/pubmed/27473867
http://doi.org/10.1128/MCB.25.21.9543-9553.2005
http://www.ncbi.nlm.nih.gov/pubmed/16227604
http://doi.org/10.1084/jem.176.6.1595
http://doi.org/10.1084/jem.192.2.303


Int. J. Mol. Sci. 2021, 22, 3084 10 of 11

11. Beck, K.E.; Blansfield, J.A.; Tran, K.Q.; Feldman, A.L.; Hughes, M.S.; Royal, R.E.; Kammula, U.S.; Topalian, S.L.; Sherry, R.M.;
Kleiner, D.; et al. Enterocolitis in patients with cancer after antibody blockade of cytotoxic T-lymphocyte-associated antigen 4. J.
Clin. Oncol. 2006, 24, 2283–2289. [CrossRef] [PubMed]

12. Bamias, G.; Delladetsima, I.; Perdiki, M.; Siakavellas, S.I.; Goukos, D.; Papatheodoridis, G.V.; Daikos, G.L.; Gogas, H. Im-
munological Characteristics of Colitis Associated with Anti-CTLA-4 Antibody Therapy. Cancer Investig. 2017, 35, 443–455.
[CrossRef]

13. Breuer, R.I.; Soergel, K.H.; Lashner, B.A.; Christ, M.L.; Hanauer, S.B.; Vanagunas, A.; Harig, J.M.; Keshavarzian, A.; Robinson, M.;
Sellin, J.H.; et al. Short chain fatty acid rectal irrigation for left-sided ulcerative colitis: A randomised, placebo controlled trial.
Gut 1997, 40, 485–491. [CrossRef] [PubMed]

14. Hamer, H.M.; Jonkers, D.M.; Vanhoutvin, S.A.; Troost, F.J.; Rijkers, G.; de Bruine, A.; Bast, A.; Venema, K.; Brummer, R.J. Effect of
butyrate enemas on inflammation and antioxidant status in the colonic mucosa of patients with ulcerative colitis in remission.
Clin. Nutr. 2010, 29, 738–744. [CrossRef] [PubMed]

15. Scheppach, W. Treatment of distal ulcerative colitis with short-chain fatty acid enemas. A placebo-controlled trial. German-
Austrian SCFA Study Group. Dig. Dis. Sci. 1996, 41, 2254–2259. [CrossRef] [PubMed]

16. Steinhart, A.H.; Hiruki, T.; Brzezinski, A.; Baker, J.P. Treatment of left-sided ulcerative colitis with butyrate enemas: A controlled
trial. Aliment. Pharmacol. Ther. 1996, 10, 729–736. [CrossRef]

17. Arpaia, N.; Campbell, C.; Fan, X.; Dikiy, S.; van der Veeken, J.; de Roos, 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] [PubMed]

18. Asarat, M.; Apostolopoulos, V.; Vasiljevic, T.; Donkor, O. Short-Chain Fatty Acids Regulate Cytokines and Th17/Treg Cells in
Human Peripheral Blood Mononuclear Cells in vitro. Immunol. Investig. 2016, 45, 205–222. [CrossRef] [PubMed]

19. Cavaglieri, C.R.; Nishiyama, A.; Fernandes, L.C.; Curi, R.; Miles, E.A.; Calder, P.C. Differential effects of short-chain fatty acids on
proliferation and production of pro- and anti-inflammatory cytokines by cultured lymphocytes. Life Sci. 2003, 73, 1683–1690.
[CrossRef]

20. 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]

21. Park, J.; Kim, M.; Kang, S.G.; Jannasch, A.H.; Cooper, B.; Patterson, J.; Kim, C.H. Short-chain fatty acids induce both effector and
regulatory T cells by suppression of histone deacetylases and regulation of the mTOR-S6K pathway. Mucosal Immunol. 2015, 8,
80–93. [CrossRef] [PubMed]

22. Chen, Z.; Brant, S.R.; Li, C.; Shrestha, U.K.; Jiang, T.; Zhou, F.; Jiang, Y.; Shi, X.; Zhao, Y.; Li, J.; et al. CTLA4 -1661A/G and 3′UTR
long repeat polymorphisms are associated with ulcerative colitis and influence CTLA4 mRNA and protein expression. Genes
Immun. 2010, 11, 573–583. [CrossRef] [PubMed]

23. Wang, S.; Fan, T.; Yao, L.; Ma, R.; Yang, S.; Yuan, F. Circulating follicular regulatory T cells could inhibit Ig production in a
CTLA-4-dependent manner but are dysregulated in ulcerative colitis. Mol. Immunol. 2019, 114, 323–329. [CrossRef]

24. Jeffery, L.E.; Qureshi, O.S.; Gardner, D.; Hou, T.Z.; Briggs, Z.; Soskic, B.; Baker, J.; Raza, K.; Sansom, D.M. Vitamin D Antagonises
the Suppressive Effect of Inflammatory Cytokines on CTLA-4 Expression and Regulatory Function. PLoS ONE 2015, 10, e0131539.
[CrossRef]

25. Fujino, S.; Andoh, A.; Bamba, S.; Ogawa, A.; Hata, K.; Araki, Y.; Bamba, T.; Fujiyama, Y. Increased expression of interleukin 17 in
inflammatory bowel disease. Gut 2003, 52, 65–70. [CrossRef]

26. Ohman, L.; Dahlen, R.; Isaksson, S.; Sjoling, A.; Wick, M.J.; Sjovall, H.; Van Oudenhove, L.; Simren, M.; Strid, H. Serum IL-17A
in newly diagnosed treatment-naive patients with ulcerative colitis reflects clinical disease severity and predicts the course of
disease. Inflamm. Bowel Dis. 2013, 19, 2433–2439. [CrossRef] [PubMed]

27. Coutzac, C.; Jouniaux, J.M.; Paci, A.; Schmidt, J.; Mallardo, D.; Seck, A.; Asvatourian, V.; Cassard, L.; Saulnier, P.; Lacroix, L.; et al.
Systemic short chain fatty acids limit antitumor effect of CTLA-4 blockade in hosts with cancer. Nat. Commun. 2020, 11, 2168.
[CrossRef] [PubMed]

28. Schneider, H.; Downey, J.; Smith, A.; Zinselmeyer, B.H.; Rush, C.; Brewer, J.M.; Wei, B.; Hogg, N.; Garside, P.; Rudd, C.E. Reversal
of the TCR stop signal by CTLA-4. Science 2006, 313, 1972–1975. [CrossRef]

29. Walker, L.S.; Sansom, D.M. The emerging role of CTLA4 as a cell-extrinsic regulator of T cell responses. Nat. Rev. Immunol. 2011,
11, 852–863. [CrossRef]

30. Kumari, R.; Ahuja, V.; Paul, J. Fluctuations in butyrate-producing bacteria in ulcerative colitis patients of North India. World J.
Gastroenterol. WJG 2013, 19, 3404–3414. [CrossRef] [PubMed]

31. Machiels, K.; Joossens, M.; Sabino, J.; De Preter, V.; Arijs, I.; Eeckhaut, V.; Ballet, V.; Claes, K.; Van Immerseel, F.; Verbeke, K.; et al.
A decrease of the butyrate-producing species Roseburia hominis and Faecalibacterium prausnitzii defines dysbiosis in patients
with ulcerative colitis. Gut 2014, 63, 1275–1283. [CrossRef]

32. Galvez, J.; Rodriguez-Cabezas, M.E.; Zarzuelo, A. Effects of dietary fiber on inflammatory bowel disease. Mol. Nutr. Food Res.
2005, 49, 601–608. [CrossRef] [PubMed]

33. Chapman, M.A.; Grahn, M.F.; Boyle, M.A.; Hutton, M.; Rogers, J.; Williams, N.S. Butyrate oxidation is impaired in the colonic
mucosa of sufferers of quiescent ulcerative colitis. Gut 1994, 35, 73–76. [CrossRef] [PubMed]

http://doi.org/10.1200/JCO.2005.04.5716
http://www.ncbi.nlm.nih.gov/pubmed/16710025
http://doi.org/10.1080/07357907.2017.1324032
http://doi.org/10.1136/gut.40.4.485
http://www.ncbi.nlm.nih.gov/pubmed/9176076
http://doi.org/10.1016/j.clnu.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20471725
http://doi.org/10.1007/BF02071409
http://www.ncbi.nlm.nih.gov/pubmed/8943981
http://doi.org/10.1046/j.1365-2036.1996.d01-509.x
http://doi.org/10.1038/nature12726
http://www.ncbi.nlm.nih.gov/pubmed/24226773
http://doi.org/10.3109/08820139.2015.1122613
http://www.ncbi.nlm.nih.gov/pubmed/27018846
http://doi.org/10.1016/S0024-3205(03)00490-9
http://doi.org/10.1038/nature12721
http://doi.org/10.1038/mi.2014.44
http://www.ncbi.nlm.nih.gov/pubmed/24917457
http://doi.org/10.1038/gene.2010.16
http://www.ncbi.nlm.nih.gov/pubmed/20445568
http://doi.org/10.1016/j.molimm.2019.08.006
http://doi.org/10.1371/journal.pone.0131539
http://doi.org/10.1136/gut.52.1.65
http://doi.org/10.1097/MIB.0b013e3182a563cb
http://www.ncbi.nlm.nih.gov/pubmed/23966065
http://doi.org/10.1038/s41467-020-16079-x
http://www.ncbi.nlm.nih.gov/pubmed/32358520
http://doi.org/10.1126/science.1131078
http://doi.org/10.1038/nri3108
http://doi.org/10.3748/wjg.v19.i22.3404
http://www.ncbi.nlm.nih.gov/pubmed/23801832
http://doi.org/10.1136/gutjnl-2013-304833
http://doi.org/10.1002/mnfr.200500013
http://www.ncbi.nlm.nih.gov/pubmed/15841496
http://doi.org/10.1136/gut.35.1.73
http://www.ncbi.nlm.nih.gov/pubmed/8307454


Int. J. Mol. Sci. 2021, 22, 3084 11 of 11

34. Den Hond, E.; Hiele, M.; Evenepoel, P.; Peeters, M.; Ghoos, Y.; Rutgeerts, P. In vivo butyrate metabolism and colonic permeability
in extensive ulcerative colitis. Gastroenterology 1998, 115, 584–590. [CrossRef]

35. Roediger, W.E. The colonic epithelium in ulcerative colitis: An energy-deficiency disease? Lancet 1980, 2, 712–715. [CrossRef]
36. De Preter, V.; Arijs, I.; Windey, K.; Vanhove, W.; Vermeire, S.; Schuit, F.; Rutgeerts, P.; Verbeke, K. Impaired butyrate oxidation

in ulcerative colitis is due to decreased butyrate uptake and a defect in the oxidation pathway. Inflamm. Bowel Dis. 2012, 18,
1127–1136. [CrossRef] [PubMed]

37. Diab, J.; Hansen, T.; Goll, R.; Stenlund, H.; Jensen, E.; Moritz, T.; Florholmen, J.; Forsdahl, G. Mucosal Metabolomic Profiling and
Pathway Analysis Reveal the Metabolic Signature of Ulcerative Colitis. Metabolites 2019, 9, 291. [CrossRef]

38. Magnusson, M.K.; Isaksson, S.; Ohman, L. The Anti-inflammatory Immune Regulation Induced by Butyrate Is Impaired in
Inflamed Intestinal Mucosa from Patients with Ulcerative Colitis. Inflammation 2020, 43, 507–517. [CrossRef] [PubMed]

39. Vancamelbeke, M.; Laeremans, T.; Vanhove, W.; Arnauts, K.; Ramalho, A.S.; Farre, R.; Cleynen, I.; Ferrante, M.; Vermeire, S.
Butyrate does not protect against inflammation-induced loss of epithelial barrier function and cytokine production in primary
cell monolayers from patients with ulcerative colitis. J. Crohn’s Colitis 2019, 13, 1351–1361. [CrossRef]

40. Linsley, P.S.; Bradshaw, J.; Greene, J.; Peach, R.; Bennett, K.L.; Mittler, R.S. Intracellular trafficking of CTLA-4 and focal localization
towards sites of TCR engagement. Immunity 1996, 4, 535–543. [CrossRef]

http://doi.org/10.1016/S0016-5085(98)70137-4
http://doi.org/10.1016/S0140-6736(80)91934-0
http://doi.org/10.1002/ibd.21894
http://www.ncbi.nlm.nih.gov/pubmed/21987487
http://doi.org/10.3390/metabo9120291
http://doi.org/10.1007/s10753-019-01133-8
http://www.ncbi.nlm.nih.gov/pubmed/31797122
http://doi.org/10.1093/ecco-jcc/jjz064
http://doi.org/10.1016/S1074-7613(00)80480-X

	Introduction 
	Results 
	SCFAs Inhibit Blood T Cell Proliferation and Activation in Healthy Subjects and Patients with Active Ulcerative Colitis 
	Butyrate Induces Surface Expression of CTLA-4 on Stimulated Blood T Cells from Healthy Subjects but not on Blood T Cells from Patients with Active Ulcerative Colitis 
	Butyrate Inhibits Lamina Propria T Cell Activation in Non-Inflamed Subjects and Patients with Active Ulcerative Colitis 
	Impaired Butyrate Induced CTLA-4 Expression and Altered Cytokine Profile of Lamina Propria T Cells from Patients with Active Ulcerative Colitis 

	Discussion 
	Materials and Methods 
	Demographics of Participating Subjects and Sample Collection 
	Blood and Lamina Propria Cell Isolation 
	Cell Cultivation Assays 
	Histone Deacetylase (HDAC) I and II Measurement 
	Flow Cytometry 
	Cytokine Assays 
	Statistical Analyses 

	References

