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Abstract

An important function of the gut microbiome is the fermentation of non-digestible dietary fibers 

into short chain fatty acids (SCFAs). The three primary SCFAs: acetate, propionate, and butyrate, 

are key mediators of metabolism and immune cell function in the gut mucosa. We previously 

demonstrated that butyrate at high concentrations decreased human gut lamina propria (LP) 

CD4 T cell activation in response to enteric bacteria exposure in vitro. However, to date, the 

mechanism by which butyrate alters human gut LP CD4 T cell activation remains unknown. In this 

current study, we sought to better understand how exposure to SCFAs across a concentration 

range impacted human gut LP CD4 T cell function and activation. LP CD4 T cells were 

directly activated with T cell receptor (TCR) beads in vitro in the presence of a physiologic 

concentration range of each of the primary SCFAs. Exposure to butyrate potently inhibited 

CD4 T cell activation, proliferation, and cytokine (IFNγ, IL-17) production in a concentration 

dependent manner. Butyrate decreased the proliferation and cytokine production of T helper (Th) 

1, Th17 and Th22 cells, with differences noted in the sensitivity of LP versus peripheral blood 

Th cells to butyrate’s effects. Higher concentrations of propionate and acetate relative to butyrate 

were required to inhibit CD4 T cell activation and proliferation. Butyrate directly increased 
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the acetylation of both unstimulated and TCR-stimulated CD4 T cells, and apicidin, a Class 

I histone deacetylase inhibitor, phenocopied butyrate’s effects on CD4 T cell proliferation and 

activation. GPR43 agonism phenocopied butyrate’s effect on CD4 T cell proliferation whereas a 

GPR109a agonist did not. Our findings indicate that butyrate decreases in vitro human gut LP 

CD4 T cell activation, proliferation, and inflammatory cytokine production more potently than 

other SCFAs, likely through butyrate’s ability to increase histone acetylation, and potentially via 

signaling through GPR43. These findings have relevance in furthering our understanding of how 

perturbations of the gut microbiome alter local immune responses in the gut mucosa.
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INTRODUCTION

Butyrate is a short chain fatty acid (SCFA) produced through fermentation of non-digestible 

dietary fibers by anaerobic bacteria in the lumen of the gastrointestinal tract. Butyrate has a 

myriad of effects, both locally and systemically, that are beneficial to the host {reviewed in 

[1, 2]}. In the gut, butyrate is a critical energy source for epithelial cells, regulates epithelial 

cell function and has an immunomodulatory impact on host innate and adaptive immunity 

[1, 2]. Butyrate functions via multiple mechanisms that include signaling through G-protein

coupled receptors (GPRs), histone deacetylase (HDAC) inhibition and modulating cellular 

metabolism [3–5]. Decreased abundances of gut-associated butyrate-producing bacteria 

(BPB) have been observed in inflammatory diseases of the gut including Inflammatory 

Bowel Disease (IBD) and in persons with HIV (PWH), where lower abundances of BPB 

genera were associated with increased levels of inflammation and immune activation [6–11]. 

Furthermore, the oral administration of known metabolic substrates for BPB resulted in 

increased abundances of colonic BPB and concomitantly decreased systemic inflammation 

and immune activation in PWH, indicating that increasing concentrations of butyrate in the 

gastrointestinal tract may alleviate inflammation [12]. Understanding the mechanisms by 

which butyrate contributes to gut homeostasis and how low tissue concentrations of butyrate 

differentially modulate host immunity may lead to novel approaches to maximize butyrate’s 

beneficial anti-inflammatory effects in individuals with inflammatory disorders of the gut 

mucosa.

To date, the role of butyrate on human CD4 T cell function has primarily been investigated 

using peripheral blood (PB) T cells, where butyrate was shown to impact both T regulatory 

and T helper (Th) cell differentiation and function. For example, in vitro exposure of human 

naïve CD4 T cells to IL-2, TGFβ and butyrate induced a high fraction of T regulatory cells 

[13]. Addition of butyrate to differentiating total CD4 T cells promoted production of IL-10, 

resulting in decreased frequencies of IL-17-expressing CD4 T cells [14]. Similarly, butyrate 

significantly reduced frequencies of Th17 cells expanded in response to in vitro exposure 

of PB mononuclear cells (PBMC) to gram-negative cell wall component lipopolysaccharide 

(LPS) [15]. Investigations into the epigenetic mechanisms that regulate expression of the 

Th17 transcription factor RORγt highlighted that the ability of butyrate to modulate Th17 
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function was dependent of the state of Th17 cell differentiation [16]. While the addition of 

butyrate to already differentiated Th17 cells induced RORγt expression and IL-17 secretion, 

exposure of naïve CD4 T cells undergoing differentiation to Th17 cells to butyrate resulted 

in a down-regulation of RORγt and IL-17 production [16].

In contrast to PB CD4 T cells, gut mucosal CD4 T cells are primarily resident effector 

memory cells that display distinct phenotypic and functional characteristics [17–19]. Given 

their proximity to the gut lumen and consistent exposure to higher concentrations of 

butyrate, these cells may be more primed to respond to butyrate compared to the CD4 T cell 

populations in the periphery. Thus, results of studies characterizing how human PB CD4 T 

cells respond to butyrate [13–16] may not directly translate to the effect of butyrate on CD4 

T cells in the gut mucosal compartment. We previously demonstrated that the addition of 

high (but physiologically relevant) concentrations of exogenous butyrate reduced gut lamina 

propria (LP) CD4 T cell activation after exposure to enteric bacteria in vitro [9]; however, 

the mechanisms by which butyrate modulated those responses was not investigated. In 

this current study, we utilized an in vitro human LP mononuclear cell (LPMC) model to 

comprehensively evaluate the impact of a range of physiologically relevant concentrations 

of butyrate and other gut-associated SCFAs on LP CD4 T cell function and then probed the 

mechanisms by which butyrate modulated those responses.

RESULTS

In vitro exposure to exogenous butyrate decreases TCR-mediated LP CD4 T cell activation 
and proliferation in a concentration dependent manner.

To directly evaluate the impact of butyrate on human gut LP CD4 T cells and mitigate 

off target effects of butyrate on antigen presenting cells (APC) [20–23], we evaluated the 

ability of butyrate to modulate LP CD4 T cell activation and proliferation in the setting 

of T cell receptor (TCR)/CD28-mediated activation. Total LPMC were activated with or 

without TCR-stimulatory beads in the presence of a non-toxic, physiologically relevant 

concentration range of butyrate (0.0625–0.5mM). Given that concentrations of butyrate have 

not been reliably measured directly in human gut tissue, we used a concentration range of 

butyrate based on reported measured concentrations of butyrate in the gut lumen and in the 

portal circulation of human subjects [24, 25]. Specifically, the concentration range was based 

on 1) values that were less than the gut lumen but greater than the portal circulation thereby 

reflecting the likely concentrations that tissue LPMC would be exposed to and 2) the dose 

range that had limited impact on overall viability with or without TCR stimulation, in our in 
vitro system (Supp Fig. 1a–b).

LPMC were stimulated with or without TCR-stimulatory beads in the presence or absence 

of butyrate and levels of T cell proliferation and activation measured by multicolor flow 

cytometry after four days of culture (Supp. Fig. 2). As expected, TCR-mediated stimulation 

of LPMC in the absence of butyrate (i.e. 0mM) induced CD4 T cell proliferation (CFSEdim) 

(Fig. 1a) and increased percentages of LP CD4 T cells expressing CD25 (Fig. 1b) and 

co-expressing HLA-DR and CD38 (Fig. 1c). Increasing concentrations of butyrate led to a 

decrease in the percentage of proliferated LP CD4 T cells, with the highest concentration 

tested (0.5mM) completely inhibiting TCR-mediated proliferation (Fig. 1a). Butyrate also 
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decreased the percentage of CD25+ and CD38+HLA-DR+ (Fig. 1b,c) LP CD4 T cells in 

a concentration dependent manner with maximal effects noted at concentrations ≥0.25mM. 

In the absence of TCR-mediated stimulation, butyrate did not induce proliferation (Fig. 1a) 

or alter the percentages of LP CD4 T cells co-expressing HLA-DR and CD38 (Fig. 1c). 

However, butyrate increased the expression of CD25 on unstimulated LP CD4 T cells by 

an average 1.4-fold at concentrations of ≥0.125mM (Fig. 1b). Butyrate has been reported to 

promote the differentiation of human PB and murine gut and splenic Foxp3+ T regulatory 

cells [13, 15, 26–28], which also express high levels of CD25 [29]. Whereas butyrate 

increased the expression of CD25 on LP CD4 T cells at 0.25mM, the percentages of CD25+ 

Foxp3-expressing LP CD4 T cells were not increased in LPMC exposed to butyrate alone 

(Supp Fig 3). This suggests that the increased expression of CD25 on LP CD4 T cells in 

response to exogenous butyrate in vitro is not due to expansion of T regulatory cells.

Exposure of purified LP CD4 T cells to exogenous butyrate decreased TCR-mediated LP 
CD4 T cell activation and proliferation in a concentration dependent manner.

To determine if butyrate decreased proliferation and activation by acting directly on LP CD4 

T cells, purified LP CD4 T cells were exposed to the same non-toxic doses of butyrate 

(Supp Fig 1c) in the presence and absence of TCR stimulation (Fig. 1d–f). In the absence 

of butyrate, TCR bead stimulation of purified LP CD4 T cells induced proliferation and 

activation (Fig 1d–f) although to a lesser degree than observed with total LPMC (Fig. 1a–c), 

suggesting optimal stimulation of LP CD4 T cells in response to TCR-mediated stimulation 

requires the presence of other cells. Similar to total LPMC cultures, butyrate significantly 

reduced LP CD4 T cell proliferation and CD25 expression in a concentration dependent 

manner when purified CD4 T cells were stimulated with TCR stimulatory beads (Fig 1d,e). 

Conversely, butyrate had a much less pronounced inhibitory effect on CD38+HLA-DR+ LP 

CD4 T cells (Fig. 1f) suggesting butyrate may act on other LPMC that then directly or 

indirectly modulate CD38 and HLA-DR co-expression by LP CD4 T cells. In the absence of 

TCR stimulation, the addition of butyrate directly increased the expression of CD25 on LP 

CD4 T cells (Fig. 1e) similar to the effect noted in total LPMC cultures (Fig1b), indicating 

that exogenous butyrate may directly regulate the expression of CD25 on human gut CD4 T 

cells.

Butyrate decreased LP Th cell proliferation and cytokine production.

Th1, Th17 and Th22 cells in the intestinal LP are critical in maintaining gut barrier 

homeostasis and are key mediators of mucosal immunity [30, 31]. Therefore, the impact 

of butyrate on the proliferative capacity of LP Th1 (IFNγ+IL-17-), Th17 (IL-17+IFNγ±) 

and Th22 (IL-22+IL-17-IFNγ-) subsets was assessed by multi-color flow cytometry (Supp 

Fig 4). TCR bead stimulation (in the absence of butyrate) drove significant increases 

in net proliferation (TCR-stimulated minus unstimulated) of all Th subsets, although to 

differing degrees with Th1 (mean proliferation: 53.3±5.0% [SEM]) and Th22 (55.8±5.1%) 

cells proliferating to a greater degree than Th17 cells (35.7±7.4%) (Fig. 2a–c). Butyrate 

significantly decreased the net proliferation of all Th subsets in a concentration dependent 

manner irrespective of the level of Th proliferation induced by T cell activating beads 

(Fig 2a–c). Th1 and Th22 cells responded similarly to butyrate, with comparable percent 

decreases in proliferation at each concentration of butyrate tested (Fig 2a,b). Th17 cells also 
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decreased in a concentration dependent manner, although, in comparison to Th1 and Th22 

cells, the magnitude of the average percent decrease was higher at the lower concentrations 

of butyrate (Fig. 2c).

To determine if butyrate-mediated decrease in LP Th cells proliferation similarly reduced 

cytokine production, levels of secreted IL-17 and IFNγ were measured in culture 

supernatants (Supp Fig 5). In the presence of TCR stimulation, butyrate significantly 

decreased the production of IL-17 by purified CD4 T cells in a dose dependent manner 

(Supp Fig 5a). Butyrate maximally decreased the production of IFNγ at a concentration of 

0.25mM but had variable activity at lower doses (Supp Fig 5b). Butyrate had no observable 

impact on IL-17 or IFNγ production in the absence of TCR stimulation.

The impact of butyrate on proliferation of PB Th subsets was next tested to investigate if 

the concentration dependent decrease in LP Th cell proliferation in response to butyrate was 

intrinsic to gut Th cells. Following exposure of PBMC to TCR-stimulatory beads, PB Th1, 

Th22 and Th17 cells all proliferated to similar degrees in the absence of butyrate (Th1: 

(53.3±5.0%; Th22 62.9±7.8%; Th17: 57.1±9.2%) (Fig. 2d–f) contrasting to the differential 

proliferative responses observed for LP Th cells (Fig. 2a–c). Butyrate inhibited PB Th1, 

Th22 and Th17 cell proliferation in a concentration dependent manner as observed for LP 

Th cells. PB Th1 cells had the greatest decrease (29.2%) in proliferation at the lowest 

concentration of butyrate tested (Fig. 2d) relative to Th22 (20.1%) (Fig. 5e) and Th17 

(16.2%) (Fig. 2f) populations. Differences in the response of the Th subsets to the lowest 

butyrate concentration (0.0625mM) appeared to be tissue site dependent. Exposure of LP 

Th1 to low dose butyrate decreased proliferation by 12.7% (Fig. 2a) but decreased PB Th1 

proliferation by 29.2% (Fig. 2d). Butyrate decreased LP Th17 proliferation by 26.5% (Fig. 

2c) versus a 16.2% decrease for PB Th17 cells (Fig. 2f) at the lowest concentration tested 

(0.0625 mM).

The timing of butyrate exposure relative to TCR stimulation differentially impacted the 
inhibition of LP CD4 T cell proliferation.

To determine if the timing of butyrate exposure relative to TCR signaling was critical in the 

ability of butyrate to modulate LP CD4 T cell proliferation, butyrate was added at various 

times before (pre-treatment) and after (post-treatment) the addition of the TCR-stimulatory 

beads to total LPMC cultures (Fig. 3a,b). For these assays, butyrate was added at 0.5 mM, 

the concentration at which the maximum effect on LP T cell proliferation was observed (Fig. 

1a). Exposure of LPMC to butyrate for ≤18hrs before TCR-mediated stimulation did not 

further reduce LP CD4 T cell proliferation beyond what was observed when butyrate was 

added simultaneously (0hrs) with TCR stimulatory beads (Fig 3a). For the post-treatment 

assays, the addition of butyrate 6hrs after TCR-induced stimulation decreased proliferation 

to similar levels as those when butyrate was added simultaneously with TCR stimulation 

(Fig. 3b). However, the addition of butyrate at or after 18hrs of TCR stimulation limited 

butyrate inhibition of LP CD4 T cell proliferation, although the levels of proliferation were 

still lower than in the absence of butyrate (Fig 3b).
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Higher concentrations of propionate and acetate relative to butyrate were required to 
inhibit LP CD4 T cell activation and proliferation.

Acetate and propionate are the other primary SCFAs generated in the gut by the metabolic 

activity of commensal bacteria, with acetate present at the highest concentrations and 

propionate and butyrate present in similar amounts [24, 25]. To determine if butyrate’s 

ability to decrease TCR-mediated LP CD4 T proliferation and activation were shared 

by these other SCFAs, total LPMC were activated with TCR-stimulating beads in the 

presence of varying physiologic and non-toxic (Supp Fig 1d) concentrations of acetate and 

propionate. Similar to butyrate, these concentrations were determined using values reflective 

of human gut lumen and portal circulation[24, 25] concentrations and those that were 

non-toxic in our assays (Supp Fig 1).

The addition of acetate decreased TCR-stimulated LP CD4 T cell proliferation and CD25 

expression on LP CD4 T cells in a concentration dependent manner, albeit requiring higher 

concentrations than butyrate to achieve similar inhibition (Fig 4 a,b). Acetate decreased the 

percentage of HLA-DR+CD38+ LP CD4 T cells only at the highest concentration tested 

(10mM) (Fig 4c). Propionate decreased LP CD4 T cell proliferation and CD25 expression at 

approximately twice the concentrations where butyrate demonstrated maximal activity (Fig 

4 d,e). Much like acetate, propionate decreased the percentage of HLA-DR+CD38+ LP CD4 

T cells only at the highest concentration tested (1mM) (Fig. 4f). Unlike butyrate, acetate 

and propionate had no impact on the expression of CD25 on LP CD4 T cells in the absence 

of TCR stimulation (data not shown), suggesting the effect of driving low levels of CD25 

expression on resting LP CD4 T cells is specific to butyrate.

Butyrate increased histone acetylation in LP CD4 T cells

Butyrate is a known class I and II HDAC inhibitor (HDACi) [5, 32], with limited studies 

demonstrating butyrate’s HDACi activity in human T cells [33–35]. To probe potential 

mechanisms by which butyrate decreased human LP CD4 T cell proliferation and activation, 

levels of acetylation of histone 3 lysine 9 (acH3K9), an indirect indicator of HDAC 

inhibition [36], were measured in LP CD4 T cells by multicolor flow cytometry after 

short term (24hr) culture (Supp Fig 6a). The presence of acH3K9 in the majority of cells 

irrespective of stimulation or butyrate exposure was to be expected, as these cells were 

viable and have active genomes with acetylated histones. Given that nearly all viable cells 

were positive for acH3K9, we measured overall expression levels by mean fluorescence 

intensity (MFI) to extrapolate the impact of butyrate on histone acetylation. Exposure of 

unstimulated LPMC to butyrate (0.5mM) significantly increased histone acetylation in LP 

CD4 T cells relative to controls without butyrate (Fig 5a). The butyrate-induced shifts in 

MFI were in keeping with previously published studies where the addition of acetate and 

TSA to human PBMC similarly increased overall MFI of acH3K9[35]. To further confirm 

that butyrate alters HDAC activity in human LP CD4 T cells, Trichostatin A (TSA), a 

known pan HDACi, also increased acH3K9 levels in resting LP CD4 T cells (Supp Fig 

6b). Butyrate’s ability to increase histone acetylation in LP CD4 T cells in the absence 

of TCR-stimulation was confirmed by western blot (Supp Fig 6c). When LPMC were 

activated with TCR-stimulating beads, the effect of butyrate to increase acH3K9 expression 
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in TCR-activated LP CD4 T cells was similar to that observed without TCR stimulation (Fig 

5a), indicating that butyrate is the primary driver of the observed increase in acH3K9.

Class I HDAC inhibitors phenocopied butyrate’s inhibition of LP CD4 T cell activation and 
proliferation

To further confirm HDAC inhibition was a mechanism by which butyrate altered LP CD4 

T cell function, the ability of a panel of known class I specific HDACi’s (apicidin and 

MGCD) and pan HDACi’s (TSA and ITF2357) to phenocopy butyrate’s effect on LP CD4 

T cell proliferation was next investigated. Initial studies were carried out to determine the 

maximal concentration of each HDACi that did not induce toxicity (data not shown), and 

these maximal concentrations were used in subsequent assays. The addition of apicidin and 

MGCD (class I HDACi’s) to TCR-stimulated LPMC decreased LP CD4 T cell proliferation 

to a greater degree than the addition of either pan HDACi (TSA and ITF2357) (Fig 5b). A 

concentration-dependent effect of apicidin on TCR-mediated LP CD4 T cell proliferation 

and activation was next tested. Apicidin decreased LP CD4 T cell proliferation, CD25 

expression and co-expression of HLA-DR and CD38 on LP CD4 T cells in a concentration 

dependent manner (Fig 5c). In the absence of TCR stimulation, apicidin had little impact 

on LP CD4 T cell proliferation or percentages of HLA-DR+ CD38+ LP CD4 T cells (Fig. 

5c). However, similar to the observations of CD25 expression in the presence of butyrate, 

the percentage of CD25+ LP CD4 T cells increased on average 1.5-fold at all concentrations 

of apicidin tested (Fig 5c), indicating that the expression of CD25, in the absence of TCR 

stimulation, may be related to HDAC activity.

To determine if apicidin also acted directly on LP CD4 T cells to decrease T cell 

proliferation and activation as we had observed for butyrate (Fig. 1d), the maximal 

concentration of apicidin (100 nM) was added to purified LP CD4 T cells in the presence 

of TCR-stimulatory beads (Fig. 5d). Apicidin decreased LP CD4 T cell proliferation and 

the percentage of LP CD4 T cells that expressed CD25 (Fig 5d). While TCR stimulation of 

purified CD4 T cells induced small increases in the frequency of HLA-DR+CD38+ positive 

LP CD4 T cells, apicidin decreased expression by 43% (Fig. 5d).

Known butyrate receptors, GPR109a and GPR43, were minimally expressed on LP CD4 T 
cells.

Butyrate is known to signal through GPRs (GPR41, GPR43 and GPR109a) on the cell 

surface [3, 37–40], but the expression of these receptors and their functional importance on 

human gut CD4 T cells has yet to be clearly established. While butyrate can signal through 

all three of these receptors, we chose to focus our studies on GPR43 and GPR109a due to 

the established importance of butyrate signaling through these receptors in the modulation 

of immune responses [38, 41–44]. We determined the extent to which LP CD4 T cells 

expressed these receptors by staining for surface expression of GPR43 and GPR109a on 

LP CD4 T cells and analyzing by multi-color flow cytometry directly ex vivo (baseline) 

and after TCR bead stimulation (4 days) (Supp Fig 7a). Low percentages of LP CD4 T 

cells expressed GPR43 (1.0% ± 0.6%) or GPR109a (0.5% ± 0.01%) at baseline (Supp 

Fig 7b). Myeloid dendritic cells (mDC) and macrophages are known to express GPR43 

and GPR109a[38, 41, 45]. Therefore, to confirm the ability of the antibodies to adequately 
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detect surface expression of these GPRs, we evaluated GPR43 and GPR109a expression 

on CD3- cells, which would be enriched for both mDC and macrophages[46–49], within 

the same LPMC samples (Supp Fig. 7c). On average, 24.17% ± 1.12% of LP CD3- cells 

expressed GPR43; however, GPR109a expression remained low (4% ± 1.15%). Given the 

relatively low expression of GPR109a on the CD3- population, we specifically investigated 

the expression on intraepithelial mononuclear cells (IEMC), a population of cells previously 

described to have higher levels of expression[50]. Intraepithelial CD3-CD19-HLA-DR+ 

myeloid cells expressed GPR109a (20.9% ± 2.5%) (Supp Fig. 8), confirming that the low 

expression detected on LP CD4 T cells was not due to technical problems with the antibody.

TCR-bead stimulation of LPMC in the absence of butyrate significantly increased the 

percentage of GPR43 expressing LP CD4 T cells, although these percentages remained 

low (<5% of total LP CD4 T cells) and butyrate had no impact on TCR-induced GPR43 

expression (Supp Fig 7d). Similar to GPR43, GPR109a expression increased after the 

addition of TCR stimulating beads, although this increase was not significant, and the 

overall frequency of positive LP CD4 T cells remained low (< 1.0%) (Supp Fig 7d). 

Percentages of GPR109a+ LP CD4 T cells were significantly decreased in both TCR

stimulated and unstimulated conditions by the addition of butyrate (Supp Fig 7d).

GPR43 signaling reduces LP CD4 T cell proliferation, despite low expression of GPR43 on 
LP CD4 T cells.

To determine if relatively low expression of GPR43 and GPR109a on LP CD4 T cells 

precluded a role for these receptors in butyrate’s effect on LP T cell function, we exposed 

purified LP CD4 T cells to non-toxic doses of GPR43 (4-CMTB) and GPR109a (MK 1903) 

agonists and TCR-stimulatory beads and measured levels of LP CD4 T cell proliferation 

4 days later (Fig 6; Supplementary Figure 8b). These investigations were performed using 

purified CD4 T cells to confirm that alterations in T cell function were a direct effect 

on LP CD4 T cells and not mediated via other LP cells. Furthermore, we focused on 

proliferation of LP CD4 T cells due to the more robust effect of butyrate on this T cell 

function (Fig. 1a) versus the more subtle changes in T cell activation phenotype assessed 

by HLA-DR and CD38 co-expression (Fig. 1f). Initial studies confirmed activity of these 

agonists with both GPR43 and GPR109a agonists similarly altering TNFα production by 

PBMC stimulated with Escherichia coli lysates (data not shown), as previously reported 

for GPR43 agonists[44]. Surprisingly, GPR43 agonism decreased TCR-induced LP CD4 T 

cell proliferation in a dose dependent manner, with 10μm and 100μm reducing proliferation 

similar to butyrate. However, the GPR109a agonist did not impact T cell proliferation at any 

dose tested.

Discussion

Low abundances of bacterial taxa containing BPB have been reported as a feature 

of dysbiosis in human inflammatory disorders of the gut mucosa and associated with 

inflammation and immune activation [6, 7, 9, 12, 51]. Furthermore, low concentrations 

of stool butyrate are associated with inflammatory disorders of the gut mucosa [12, 52, 

53]. However, studies extensively probing how lower tissue concentrations of butyrate 
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may impact local gut immune cells, particularly LP CD4 T cells, which are the major 

constituents of human gut mucosa and play important roles in gut homeostasis [54], are 

limited. Therefore, we utilized an in vitro human LPMC model to investigate human gut 

LP CD4 T cell responses to concentrations of butyrate broadly reflecting “low” and “high” 

physiologic butyrate tissue concentrations, and the mechanisms by which butyrate drove 

these responses. T cells were stimulated in an antigen-independent manner via TCR/CD28 

bead stimulation in part to induce robust CD4 T cell activation, and in part to avoid off target 

effects of butyrate on antigen-presenting cells [55] and thereby directly observe butyrate’s 

ability to impact LP CD4 T cell function.

In these studies, concurrent addition of high doses of butyrate directly decreased TCR

mediated LP CD4 T cell activation and proliferation, including Th1, Th17 and Th22 

proliferation, but lower doses had a more limited impact. A previous study also noted 

dose-dependent effects of butyrate such that lower concentrations (0.25mM) of butyrate 

promoted murine CD4 T regulatory cell differentiation and higher concentrations (1mM) 

induced T-bet expression and IFNγ production in all T cell subsets [56]. Although LP Th17 

cells had the lowest average proliferation in response to TCR stimulation, this Th subset 

appeared to have increased sensitivity to butyrate’s anti-proliferative effect as demonstrated 

by potent inhibition of IL-17 production and Th17 cell proliferation. This was not reflected 

in PB Th17 responses in the presence of butyrate, potentially highlighting the gut-specificity 

of butyrate’s actions. The varied sensitivity of CD4 T cells to butyrate could be attributed 

to differences in expression of GPRs or in the transport of butyrate into the cell. CD147, 

a surface protein that is important in the transport of butyrate through MCT-1, is known 

to be variably expressed on human CD4 T cells in the periphery[57–59]. Although we did 

not quantify the expression of CD147 on LP Th17 cells, it is possible that the associated 

greater ability for butyrate to be transported into LP Th17 cells, through higher expression 

of CD147, may explain their increased sensitivity to butyrate and/or account for differences 

in butyrate’s ability to inhibit LP Th17 proliferation at lower concentrations. Furthermore, 

differential expression of GPR43 may additionally explain the differences in sensitivity to 

butyrate in LP Th cells. We have previously shown human LP Th17 cells had the greatest 

proliferative capacity in response to in vitro exposure to enteric bacteria [60], and increased 

fractions of gut-resident bacteria-reactive Th17 cells have been noted in in patients with IBD 

[61]. Given that IBD is associated with lower abundance of BPB, it will be important to 

further investigate if our current observations have broad applicability to bacteria-reactive Th 

cells, particularly Th17 cells, and provide a potential link between decreased tissue butyrate 

levels and IBD-associated overt Th17 cell inflammation.

Mechanistic assays presented in this study advocate that butyrate alters human LP CD4 T 

cell activation and proliferation through HDAC inhibition as evidenced by 1) an increase in 

histone acetylation in LP CD4 T cells on exposure of LPMC to butyrate and 2) the ability 

of apicidin, a known class I HDACi, to phenocopy butyrate’s inhibition of activation and 

proliferation of purified LP CD4 T cells. These observations are in keeping with several 

studies demonstrating butyrate’s ability to function as an HDACi in murine splenic and 

human PB CD4 T cells [16, 35, 37, 62]. Interestingly, although we noted low frequencies of 

GPR43+ LP CD4 T cells, the direct agonism of this receptor phenocopied butyrate’s impact 

on LP CD4 T cell proliferation. Conversely, direct agonism of the GPR109a receptor, had 
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no observable impact. These observations may explain the ability of butyrate, propionate 

and acetate to similarly decrease LP CD4 T cell activation, since these SCFAs all signal 

through GPR43 and not GPR109a, a GPR specific to butyrate. A role for GPR43 signaling 

has also been implicated in the negative regulation of murine mucosal CD4 T cells[14]. 

Additional studies are required to extensively address the role of GPR43 signaling in the 

modulation of LP CD4 T cell function by butyrate, including determining whether butyrate 

inhibits HDAC in a GPR43 dependent manner, as was observed with propionate treatment 

of murine colonic T regulatory cells where enhanced histone acetylation was dependent of 

GPR43 expression[28]. Furthermore, although the presented data largely supports roles for 

HDACi and possibly GPR43 signaling, the role of other butyrate related pathways such as 

alterations in cellular metabolism [63] and PPARγ [64–66] signaling cannot be ruled out.

Although our study primarily focused on butyrate’s ability to modulate LP CD4 T cell 

function, we also investigated functional responses of LP CD4 T cells after exposure to 

acetate and propionate, the other primary SCFAs found in the human colon [1, 4–7]. Both 

acetate and propionate significantly decreased LP CD4 T cell activation and proliferation, 

although higher concentrations than butyrate were needed to achieve a similar effect. This 

concentration dependent difference in effects on LP T cell function may reflect the ability 

of these SCFAs to inhibit class I HDAC activity since all three SCFAs have been reported 

to inhibit this class of HDACs, with butyrate generally considered to be the most potent 

[5, 35, 40, 67]. Our observations also suggest that there may be redundancies in the 

ability of SCFAs to modulate LP CD4 T cell responses in the gut mucosa such that lower 

concentrations of one SCFA may have a limited impact on overall LP CD4 T cell activation 

if higher concentrations of another are present.

A noteworthy observation made in these studies is that the anti-proliferative effect of 

butyrate on LP CD4 T cells required butyrate to be present before or early after TCR 

stimulation, and that addition of butyrate late into the T cell response had a diminished 

anti-proliferative effect. The temporal importance of the ability of butyrate to alter T cell 

proliferation may be due to the mechanism by which butyrate alters this T cell response. For 

example, if butyrate-mediated HDAC inhibition is responsible for the decreased proliferation 

as our model suggests, it must be present early in the events of T cell activation to alter the 

expression of genes involved in the cell cycle progression (e.g., cyclins [68]). Importantly, 

these observations have clinical implications and may explain the inconsistent results and 

often limited impact of butyrate-based therapies administered to individuals with IBD with 

active disease [49, 69–71] that is characterized by marked LP T cell activation. It is possible 

that butyrate interventions would be more efficacious if given to individuals who were 

currently in milder disease states with limited T cell activation rather than those with more 

overt T cell activation. Similarly, if butyrate concentrations are increased for an extended 

period, the activation of newly recruited CD4 T cells would likely be dampened and thus act 

to limit the severity of the disease. To translate these in vitro findings into a clinical setting, 

future studies in which butyrate is administered during active inflammation in the gut 

mucosa should characterize butyrate’s effect on T cell activation and cytokine production.

Kibbie et al. Page 10

Immunobiology. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusions

Our study demonstrates that butyrate decreases TCR-driven gut human LP CD4 T cell 

activation, proliferation, and cytokine production over a wide physiologically relevant 

concentration range in vitro. Moreover, lower physiologic concentrations of butyrate in the 

gut mucosa may selectively regulate Th subset activation. We postulate that in inflammatory 

disorders of the gut mucosa, such as IBD and HIV-1, low abundances of BPB seen with 

dysbiosis and associated lower concentrations of tissue butyrate may be a contributing factor 

to high levels of LP CD4 T cell activation and production of inflammatory cytokines. It is 

possible that this scenario would have the greatest effect on T cells that are newly recruited 

into the gut mucosa and their subsequent unchecked activation in response to translocating 

enteric bacteria [9, 51, 72, 73]. Ultimately, these findings suggest that modulating butyrate 

concentrations either in the tissue or gut lumen could have beneficial anti-inflammatory 

effects in individuals with inflammatory disorders of the gut mucosa and minimize disease 

progression [12].

METHODS

Human intestinal LPMC and IEMC isolation.

Macroscopically normal human jejunal tissue was obtained from patients undergoing 

elective abdominal surgery and would have been otherwise discarded, was used in this 

study. Tissue samples from individuals with a clinical history of recent chemotherapy (less 

than eight weeks), hematologic malignancy, radiation, HIV-1 infection, immune-suppressing 

drug use or inflammatory bowel conditions were excluded from this study. Patients gave 

informed consent to allow unrestricted use of tissue specimens in research and all samples 

were de-identified to laboratory staff with only age, sex, the reason for surgery and relevant 

treatment status information available. The use of these samples for research purposes was 

reviewed by the Colorado Multiple Institutional Review Board (COMIRB) at the University 

of Colorado Anschutz Medical Campus and met criteria defined by their policies formed in 

accordance with regulations outlined by the FDA and OHRP, to be deemed “Not Human 

Research”. Though exempt research is not covered by federal regulations, this research 

was conducted in accordance with the ethical guidelines outlined in the Belmont Report 

and the University of Colorado policies on responsible conduct of research. LPMC were 

isolated from tissue samples as previously detailed [9, 72, 74–77]. Briefly, tissue (muscle 

and fat removed) was treated with multiple rounds of EDTA to disassociate epithelial 

and intra-epithelial mononuclear cells (IEMC) which were subsequently cryopreserved. 

The remaining tissue underwent collagenase-digestion to isolate LP cells and single cell 

suspensions cryopreserved. The majority of jejunal LPMC are CD3+ T cells. CD4 T cells 

constitute, on average, 65 ± 1.5% of viable LP leucocytes with smaller percentages of CD8 

T cells, B cells and innate immune cells present, as previously detailed[78].

PBMC isolation

PBMC were isolated from whole blood of healthy donors (N=6) who voluntarily gave 

written informed consent. Whole blood collection was approved by COMIRB. Blood was 

drawn in vacutainer tubes containing sodium heparin. PBMC were isolated using Ficoll 
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density gradient centrifugation as previously detailed [79–84] and cryopreserved for long 

term storage in liquid nitrogen.

LPMC culture model.

LPMC were counted and plated at 1x106 LPMC/mL in 48 well culture plates using complete 

culture media (RPMI + 10% human AB serum + 1% penicillin/streptomycin/glutamine 

+ 500µg/ml Zosyn (piperacillin/tazobactam) and incubated at 37°C with 5% CO2 and 

95% humidity for 24 hrs. to four days as indicated in figure legends. Overall viability 

of LPMC before culture was on average greater than 78%. T cell activating beads (anti

CD3/CD2/CD28; Miltenyi) were added to culture conditions in a 1:25 (bead: LPMC) 

ratio. For assays using purified CD4 T cells, LP CD4 T cells were isolated using the 

EasySep immunomagnetic negative selection kit (Stemcell Technologies) according to the 

manufacturer’s protocol. On average LP CD4 T cells were enriched to 97.1% of viable 

leucocytes (n=9).

SCFA assay conditions: Unless otherwise noted, LPMC were cultured with SCFAs 

added concurrently with TCR activating beads. Butyric acid, glacial acetic acid and 

propionic acid were diluted in culture media to working stocks (10–20 mM), raised to a 

physiologic pH (7.5) using NaOH, filtered and serially diluted to appropriate concentrations 

at the time of assay set up (SCFA concentrations; Acetate 0.25–10 mM, Propionate 0.25–2 

mM, Butyrate 0.0625–0.5 mM). For studies examining the impact of butyrate pre-treatment 

on LP CD4 cell proliferation. LPMC were plated and exposed to butyrate (butyric acid) for 

0, 2, 6 and 8 hours before exposure to TCR activating beads. The conditions examining the 

impact of butyrate addition after TCR activating bead exposure, butyrate was added at 0, 6, 

18 and 36 hours after TCR bead exposure.

Measurement of LP CD4 T cell activation: After four days of culture with or 

without butyrate and with or without TCR stimulation, culture conditions were harvested 

and analyzed by multi-color flow cytometry. Detailed gating strategies to identify CD4 

T cells are outlined in supplemental figures (Supplemental Figs 2). Briefly, to enumerate 

populations of interest, viable LP CD4 T cells were identified (Zombie dye negative) within 

a total lymphocyte gate based on forward and side scatter and doublets were excluded 

using forward-scatter-height versus forward-scatter-width. CD4 T cells were identified as 

CD3+ (PerCpCy5.5, TONBO, Clone: OKT3), CD4+ (V450, TONBO, Clone: RPA-T4) and 

CD8− (APC, TONBO, Clone: RPA-T8) cells. LP CD4 T cell activation was determined by 

enumerating the percentage of CD4 T cells that co-expressed CD38 (AF700, eBiosciences, 

Clone: HIT2) and HLA-DR (APC-Cy7, BioLegend, Clone: L243) as well as the percentage 

of cells that expressed CD25 (PE, BD, Clone: M-A251). For final reported values, isotype 

and FMO control values were subtracted, and data displayed as the net value.

LP CD4 T cell proliferation: In experiments enumerating proliferation of LP T cells, 

LPMC or purified LP CD4 T cells were labeled with 1 μM CellTrace CFSE (Invitrogen) per 

manufacturer’s instructions before setting up culture conditions. CFSE-labeled cells were 

exposed to various concentrations of SCFA as mentioned above. LPMCs were cultured with 

or without TCR activating beads for four days at 37°C, 5% CO2 and 95% humidity. Cultures 
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were collected, and CD4 T cell proliferation (CFSEdim) was determined by multi-color flow 

cytometry. Proliferating CD4 T cells were enumerated as the percentage of CFSEdim CD4 T 

cells with the CFSE gate established on the unstimulated control condition.

Measurement of LP CD4 T regulatory cell frequency: LPMC were cultured for 

4 days in the presence or absence of butyrate (0.25 and 0.5 mM). After four days of 

culture, cells were stained using FOXP3 Fix/Perm Buffer Set (Biolegend) with the following 

antibodies: CD45 (PerCpCy5.5, eBiosciences, Clone: 2d1), CD3 (PE-Dazzle, Biolegend, 

Clone: UCHT1), CD4 (APC, TONBO, Clone: RPA-T4),CD8 (PE-Cy7, TONBO, Clone: 

RPA-T8), CD25 (PE, BD, Clone: M-A251) and FOXP3 (AF488, eBiosciences, Clone: 

PCH101) and rat IgG2a (eBiosciences).

LP and PB CD4 T helper cell proliferation: LPMC or PBMC (1x106 cells/ml) were 

pre-labeled with CFSE and after 4 days of culture, cells were stimulated with a final 

concentration of 100ng/ml of phorbol myristate acetate (100ng/ml; Sigma-Aldrich) and 

Ionomycin (100μg/ml; Sigma-Aldrich) in the presence of 1 μg/ml Brefeldin A (Golgi Plug; 

BD Biosciences) for 4 h at 37°C in 5% CO2. LPMC were collected and measurement 

of proliferating Th cells determined using multi-color flow cytometry. LP CD4 T cells 

were identified using the following antibodies: CD3 (PerCpCy5.5, TONBO, Clone: OKT3), 

CD4 (APC, Biolegend, Clone: RPA-T4) and CD8 (PE-Dazzle, TONBO, Clone: RPA-T8) 

and viability dye. Cells were fixed using Medium A (Invitrogen, Carlsbad, CA) and 

permeabilized using Medium B (Invitrogen). Intracellular cytokine staining was then used 

to characterize Th subsets[85, 86]. The following antibodies were used IL-17 (V450, 

eBiosciences, CLONE: N49–653), IFNγ (AF700 BD, clone: B27), and IL-22 (PE-Cy7, 

Biolegend, clone:22URTI) Matched isotypes were used to determine positive staining and 

CFSE labeling to determine proliferation. Th subsets were characterized as follows: Th17 

were any LP CD4 T cell producing IL-17, Th1 were LP CD4 T cells that produced IFNγ 
and could also produce IL-22, Th22 were LP CD4 T cells that only produced IL-22.

Quantification of secreted cytokine production: Levels of IL-17 and IFNγ in LPMC 

culture supernatants were quantified using ELISAs (ThermoFisher). Assays were carried 

out according as per manufacturers protocols (Analytical sensitivity: IL-17 4pg/ml, IFNγ 
4pg/ml).

Studies to understand butyrate’s mechanism of action

Quantification of histone H3 acetylation: To determine Histone H3 lysine 9 (H3K9) 

acetylation levels by flow cytometry, LPMC were cultured with or without butyrate (0.5 

mM) and TCR activating beads and harvested after 24 hours of culture. LP CD4 T cells 

were identified using the following antibodies: CD3 (PerCpCy5.5, TONBO, Clone: OKT3), 

CD4 (APC, Biolegend, Clone: RPA-T4) and CD8 (PE-Dazzle, TONBO, Clone: RPA-T8) 

and viability dye. Cells were next fixed using Medium A and permeabilized using Medium 

B (Invitrogen) and stained according to the protocol outlined in [87] for acH3K9 (Millipore) 

with a Donkey anti-rabbit IgG secondary antibody used (AF488, Biolegend) to determine 

acH3 expression. Expression levels of acH3 were determined by LP CD4 T cell mean 

fluorescence intensity (MFI) with control secondary antibody only values removed.
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H3K9 protein levels were also assessed using western blot. LP CD4 T cells were purified 

as detailed above and cultured in the presence of butyrate at 0.125 and 0.5 mM for 24 

hours. Protein was extracted using Tris lysis buffer in the presence of a protease inhibitor 

(Roche). Total protein was quantified for normalization using a Pierce BCA protein assay 

kit and lysates were solubilized in Laemmli Sample Buffer (Bio-Rad) and were loaded 

into a 4–20% gradient Criterion Gel (Bio-Rad) and then subsequently transferred to PVDF 

membranes (Invitrogen). The following antibodies were used: anti–β-actin (conc: 1:50,000, 

Abcam) and anti-acH3K9 (conc: 1:10,000, Rabbit Polyclonal, Millipore), membranes were 

blocked with 5% skim milk for 2 hrs. Peroxidase goat anti-rabbit IgG and peroxidase 

goat anti-mouse IgG were used according to manufactures recommendations. Blots were 

visualized using a Chemidoc XRS+ system (Bio-Rad), and expression levels were quantified 

using ImageJ software[88].

Small molecule HDACi assay: Trichostatin A, Apicidin, MGCD, and ITF2357 were 

diluted to working stocks of 1000 nM in culture media and serially diluted at the time 

of assay set up to concentrations indicated in figure legends. Apicidin, MGCD, and 

ITF2357 were kindly provided by Dr. Timothy McKinsey (University of Colorado Anschutz 

Medical Campus). The impact of HDACi on TCR-mediated LP CD4 T cell activation and 

proliferation was determined by examination of changes in LP CD4 T cell expression of 

activation markers (HLA-DR+CD38+ and CD25+) and Proliferation (CFSEdim).

GPR expression: GPR43 and GPR109a expression levels on LP CD4 T cells were 

determined ex vivo and after four days of culture. LP CD4 T cells were cultured in the 

presence or absence of TCR activation and butyrate (0.5mM). LP CD4 T cell flow staining 

was determined by CD45 (PerCp-Cy5.5, eBiosciences, Clone: 2d1), CD3 (PE-Dazzle, 

Biolegend, Clone UCHT1), CD4 (VF450, TONBO, Clone: RPA-T4), CD8 (PE-Dazzle, 

TONBO, Clone: RPA-T8) and viability dye. Cells were also stained for GPR109a (PE, 

R&D, clone: 245106) and GPR43 (AF647, Bioss Antibodies, clone: polyclonal) expression. 

GPR109a expression was also measured on IEMC using the following panel: CD45 

(PerCp-Cy5.5; Invitrogen, Clone: 2D1), CD3 (PE-Dazzle, Biolegend, Clone UCHT1), CD19 

(PECy5, BD Biosciences, Clone HIB19, HLA-DR (APC-Cy7, BioLegend, Clone: L243) 

and viability dye. Isotype controls were used to determine positive staining.

GPR43 and GPR109a agonist studies: MK1903 (GPR109a agonist, Tocris 

Bioscience)) and 4-CMTB (GPR43 agonist, Tocris Bioscience)) were reconstituted in 

DMSO per the manufacturer’s instructions and working stocks (100mM) stored at 4 degrees 

C. Working stocks were serially diluted in culture media and added to CFSE-labeled purified 

LP CD4 T cells and proliferation in response to TCR-bead stimulation measured after 4 days 

as detailed above.

Flow cytometry Acquisition and Analysis

All flow cytometry data were acquired on an LSRII flow cytometer (BD Biosciences) 

and analyzed using FlowJo version 10. Cytometer Setup and Tracking feature using BD 

FACSDIVA software (V6.1) and routine quality control were performed daily as previously 

described [72].
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Statistical analysis

Statistical analysis and graphs were generated using GraphPad Prism version 6 for 

Windows. Parametric two-tailed t-tests were performed to examine differences between 

groups of matched paired data as described in the figure legends. All assays had a minimum 

of N=3 samples and significance levels were set to p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Butyrate reduces TCR-mediated proliferation and activation LP CD4 T cells in a 

concentration dependent manner. (A-C) Lamina propria mononuclear cells (LPMC; N = 

3) or (D-F) purified LP CD4 T cells (N = 3) were pre-labelled with CFSE and cultured with 

or without TCR-activating beads (TCR beads) and exogenous butyrate (0.0625–0.5 mM) for 

four days and percentages of LP CD4 T cells that (A,D) proliferated (CFSEdim) or expressed 

(B, E) CD25 or (C, F) HLA-DR+CD38+ determined using multi-color flow cytometry. FM2 

(Fluorescence minus two; HLA-DR and CD25) and isotype control (CD38) values have 

been subtracted. Values are shown as mean ± SEM. Statistical analysis: Paired t tests were 

conducted to determine differences in proliferation or activation between unstimulated and 

TCR bead stimulated conditions and between each butyrate concentration versus no butyrate 

conditions. *P < 0.05, *P < 0.01, #P < 0.06.
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Fig. 2. 
Butyrate decreases proliferation of LP and PB T helper cells. CFSE-labelled (A) LPMC (N 

= 6) or (B) PBMC (N = 6) were cultured with TCR-activating beads and exogenous butyrate 

(0.0625–0.5 mM) for four days with mitogenic stimulation during the last 4 h of culture. 

Percentages of proliferating (A, D) Th1, (B, E) Th22 or (C, F) Th17 cells were determined 

using multi-color flow cytometry. Isotype control values have been subtracted. Values are 

shown as mean ± SEM of net proliferation (TCR-stimulated minus unstimulated). Statistical 

analysis: Paired t tests were conducted to determine differences in Th subset proliferation 

between butyrate concentrations versus no butyrate conditions. Percentages represent the 

average percentage decrease in Th cell proliferation versus no butyrate. *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 3. 
Inhibition of LP CD4 T cell proliferation is dependent of the timing of butyrate exposure 

relative to TCR stimulation. LPMC (N = 3) were pre-labelled with CFSE and either (A) 

pre-treated with exogenous butyrate (0.5 mM) for 0, 2, 6 and 18 h before the addition of 

TCR-activating beads (TCR beads) or (B) exposed to exogenous butyrate 0, 6, 18 or 36 

h after the addition of TCR beads. Percentages of proliferated (CFSEdim) LP CD4 T cells 

was measured 4 days after the addition of TCR beads using multi-color flow cytometry. 

Values are shown as mean ± SEM. Statistical analysis: Paired t tests were conducted to 

determine differences in proliferation between TCR bead-stimulated LPMC in the absence 

of butyrate (open bar) versus the simultaneous addition of butyrate (filled bar; 0hrs) as well 

as comparisons between 0hrs butyrate and each time point either pre- or post-treatment. *P < 

0.05, **P < 0.01.

Kibbie et al. Page 22

Immunobiology. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Higher concentrations of acetate and propionate relative to butyrate are required to inhibit 

LP CD4 T cell proliferation and activation. LPMC were pre-labelled with CFSE and 

cultured with TCR-activating beads (TCR beads) and exogenous butyrate (0.5 mM) or 

(A-C) acetate (1‒10 mM; N = 3) or (D-F) propionate (0.25‒10 mM; N = 4) for four 

days and percentages of LP CD4 T cells that (A,D) proliferated (CFSEdim) or expressed 

(B, E) CD25 or (C, F) HLA-DR+CD38+ determined using multi-color flow cytometry. 

FM2 (Fluorescence minus two; HLA-DR and CD25) and isotype control (CD38) values 

have been subtracted. Values are shown as mean ± SEM of net proliferation or activation 

(TCR-stimulated minus unstimulated). Statistical analysis: Paired t tests were conducted to 

determine differences in proliferation or activation between each SCFA concentration (filled 

bars) versus no SCFA condition (open bar). *P < 0.05, **P < 0.01, ***p < 0.01, #P ≤ 0.07.
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Fig. 5. 
HDAC inhibitors phenocopy butyrate’s ability to decrease LP CD4 T cell proliferation and 

activation. (A) Levels of acetylation of histone 3 lysine 9 (H3K9) were measured in LP CD4 

T cells by multi-color flow cytometry 24hrs after culture of LPMC (N = 4) in the presence 

or absence of exogenous butyrate (0.5 mM) and TCR-activating beads (TCR beads). Values 

are shown as the mean fluorescence intensity (MFI) of acetylation of H3K9 (acetylated H3) 

(mean ± SEM). Statistical analysis: Paired t-tests were conducted to determine differences 

in acetylation of H3K9 levels in LP CD4 T cells in the presence or absence of butyrate 

in unstimulated or TCR bead-stimulated conditions. *P < 0.05. (B) CFSE-labelled LPMC 

(N = 3) were exposed to TCR beads and Class I specific HDAC inhibitors (HDACi’s; 

apicidin and MGCD) or pan HDACi’s (TSA and ITF2357) and levels of LP CD4 T cell 

proliferation (CFSEdim) determined at 4 days using multi-color flow cytometry. Values are 

shown as mean ± SEM. Statistical analysis Paired t tests were conducted to determine 

differences in proliferation between TCR bead-stimulated LPMC in the absence of butyrate 

(open bar) and in the presence of butyrate or HDAC inhibitors (filled bars). *P < 0.05, #P 

≤ 0.07. (C) LPMC (N = 3) or (D) purified LP CD4 T cells (N = 3) were cultured with 
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or without TCR beads and Apicidin (25‒100 nM) for four days and percentages of LP 

CD4 T cells that proliferated (CFSEdim) or expressed CD25 or HLA-DR+CD38+ determined 

using multi-color flow cytometry. FM2 (Fluorescence minus two; HLA-DR and CD25) and 

isotype control (CD38) values have been subtracted. Values are shown as mean ± SEM. 

Statistical analysis: Paired t tests were conducted to determine differences in proliferation or 

activation between no stimulated and TCR bead-stimulated conditions and between butyrate 

or apicidin concentrations versus no butyrate/apicidin conditions in the presence or absence 

(C only) of TCR beads. *P < 0.05, **P < 0.01, #P ≤ 0.07.
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Fig. 6. 
GPR43 agonist phenocopies butyrate’s ability to decrease LP CD4 T cell proliferation. 

CFSE-labelled purified LP CD4 T cells (N = 4) were cultured with TCR beads, with or 

without butyrate (0.5 mM) or GPR agonists (1‒100 μM; N = 3 for 1 μM and 100 μM) 

for four days and percentages of LP CD4 T cells that proliferated (CFSEdim) determined 

using multi-color flow cytometry. Values are shown as mean ± SEM of net proliferation 

(TCR-stimulated minus unstimulated). Statistical analysis: Paired t tests were conducted 

to determine differences in proliferation between butyrate or GPR agonist concentrations 

versus no butyrate or GPR agonist conditions. *P < 0.05, **P < 0.01.
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