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Abstract 

Regulation of CD4+  T cell differentiation by 

Bifidobacterium species-derived metabolites 

 

Juyeon Park 

Biological Science 

The Graduate School 

Seoul National University 

Microbiota-derived metabolites play a vital role in mediating 

the interaction between microbes and host immunity. The 

Bifidobacterium genus is critical to the regulation of the immune 

system. Specifically, Bifidobacterium pseudolongum, 

Bifidobacterium adolescentis, and Bifidobacterium longum 

subsp. longum have been identified as regulators of CD4+  T cell 

subsets, including T helper 17 cells (Th17) and regulatory T 

cells (Treg) involved in adaptive immunity. However, it 

remains unclear whether their metabolites are involved in 

immune modulation. Therefore, this study aimed to examine the 

possibility that the metabolites derived from these three 

Bifidobacterium species play a role in regulating the 

differentiation of Treg and Th17 cells. The results of this study 

demonstrated that the conditioned media of B. pseudolongum 
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promoted the differentiation of Treg cells and upregulated the 

expression of genes associated with Treg functions. 

Furthermore, the conditioned media of both B. pseudolongum 

and B. adolescentis significantly enhanced the differentiation of 

IL-17A+ Th17 cells. These findings suggest that B. 

pseudolongum and B. adolescentis may produce 

immunomodulatory metabolites that regulate the differentiation 

of CD4+  T cells. 
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1. Study Background 

1.1. CD4+  T cell differentiation in immune system 

CD4+  T cells are essential lymphocytes that control the overall 

immune response. They are matured in the thymus and enter the 

secondary lymphoid organ, where the T cell receptors (TCRs) 

recognize antigen-derived peptides displayed on the antigen-

presenting cells (APCs), bound to major histocompatibility complex 

class II (MHCII). (Robey and Fowlkes, 1994; Itano and Jenkins, 2003) 

They are activated with additional co-stimulatory signals via CD28 

and cytokines, and then transmit the signal to B cells and CD8+ T cells 

to activate them, which stimulates humoral and cellular immunity. 

(Shahinian et al., 1993) Depending on the cytokine milieu, activated 

CD4+ T cells are differentiated into subsets of CD4+  T cells, including 

T helper 1 (Th1), T helper 2 (Th2), T helper 17cells (Th17), which 

protect the host from pathogens, and regulatory T cells (Treg), 

which inhibit excessive inflammation mediated by T helper cells to 

maintain immune homeostasis. (Schmitt and Ueno, 2015)  

 

1.2. Gut Microbiota and immune response 

1.2.1. Overview of gut microbiota 

Microbiota is defined as collective microbial communities living in a 

specific environment. (Marchesi and Ravel, 2015) In a human, the gut 

microbiota is composed of various microorganisms, including bacteria, 

fungi, and viruses. Among them, bacteria make up the majority of the 

gut microbiota, exerting profound impacts on host health. They 
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contribute to digestion, nutrient metabolism, immune regulation, and 

defense against pathogens.  

In the intestine of a human, about 3.8⨯1013 commensal bacteria 

establish mutualism with approximately 70% of human immune cells. 

(Sender et al., 2016) Over millions of years, commensal bacteria 

have co-evolved with humans to modulate the host immune system. 

(Moeller et al., 2016) Accumulating evidence suggests that the gut 

microbiota plays a crucial role in developing immune structures. For 

instance, Peyer’s patches, which are lymphoid tissues of the gut-

associated lymphoid tissue (GALT), had a limited number of T cells 

in germ-free (GF) mice. (Yipp, 2012) Furthermore, the number of 

intraepithelial lymphocytes (Takiishi et al., 2017) substantially 

decreased in GF mice but increased upon administration of fecal 

suspension from conventionally housed mice. (Umesaki et al., 1993)  

These findings suggest that gut microbiota has a close relationship 

with host immunity.  

1.2.2.  Immune modulation by gut bacteria 

There is some evidence supporting gut bacteria-mediated immune 

modulation. IL-17-producing Th17 cells, which protect host mucosa 

from the invasion of pathogens, are absent in GF mice, suggesting 

that the microbiota is a major inducer of the Th17 cells. (Ivanov et 

al., 2008) Specifically, segmented filamentous bacteria (SFB) and B. 

adolescentis can induce Th17 cell differentiation via adhesion to 

epithelial cells. (Ivanov et al.,  2009; Atarashi et al.,  2015; Tan et al.,  

2016) On the other hand, Treg cells suppress excessive pro-
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inflammatory effector T cells to maintain intestinal homeostasis. A 

study reported that Treg cells are impaired in germ-free mice. 

(Ö stman et al., 2006) In addition, capsular polysaccharide A (PSA) 

of Bacteroides fragilis induces the development of  FOXP3+  IL-10-

producing Treg, which can alleviate dextran sulfate sodium (DSS)-

induced colitis in mice. (Round and Mazmanian, 2010) These studies 

suggest that gut bacteria exert critical influences on the regulation of 

the host immune system, maintaining homeostasis. 

1.2.3. Immunomodulatory bacterial metabolites 

It is revealed that commensal bacteria produce diverse 

immunomodulatory metabolites that are promising factors for 

transmitting messages to the host immune system. (Rooks and 

Garrett, 2016) Recent research demonstrated that patients suffering 

from inflammatory bowel disease have substantially different 

metabolite profiles compared with those of healthy individuals, 

indicating a strong correlation between metabolites and the 

pathogenesis of immune diseases. (Heinken et al., 2021). These 

findings emphasize the importance of understanding microbial 

metabolite-mediated immune modulation.  

There are largely three types of bacterial metabolites that modulate 

immune responses. The first type is produced from the catabolism of 

dietary components: short-chain fatty acids (SCFAs), and 

tryptophan catabolites. In the colon, indigestible fiber from diet is 

fermented by microbes to produce SCFAs, including acetate, 

propionate, and butyrate. (Lewis et al., 2019). Tryptophan is 
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catabolized by various gut bacteria, and the metabolites include indole 

lactic acid (ILA), indoleacetic acid (IAA), and indole aldehyde (Iald). 

The second type is generated by modifying host-derived bile acid, 

forming secondary bile acid. Lastly, the third type is produced by de 

novo synthesis: polyamines and branched-chain amino acids (e.g., 

valine, leucine, and isoleucine,) (Rooks and Garrett, 2016; Yang and 

Cong, 2021) 

1.2.3.1. Immune regulation via bacterial tryptophan catabolites 

Gut commensal bacteria can degrade tryptophan into indole 

derivatives in the colon. Recently, immune regulation by microbial 

tryptophan metabolites has been actively investigated. It has been 

well known that Lactobacillus, Bacteroides, and Clostridium can 

produce tryptophan catabolites. (Roager and Licht, 2018) 

Representative indole derivatives produced via tryptophan 

catabolism include indole lactic acid (ILA), indole aldehyde (IAld), 

indole propionic acid (IPA), and indole acetic acid (IAA). (Roager and 

Licht, 2018; Smith and Macfarlane, 1996)  

These tryptophan metabolites have been reported to regulate 

immune responses by binding to the ligand-activated transcription 

factor aryl-hydrocarbon receptor (AhR), expressed in diverse cells, 

including lymphocytes. (Zhou, 2016) Notably, IAA, IAld, ILA, and 

tryptamine were demonstrated to bind AhR. (Roager and Licht, 2018) 

IAld produced by Lactobacillus was shown to induce IL-22 from 

innate-like cell 3 (ILC3) through an AHR-dependent pathway, which 

induces the secretion of antimicrobial peptides from colonic epithelial 
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cells to protect the mucosal barrier from bacterial pathogens. (Lee et 

al.,  2011; Zheng et al., 2008; Jeong et al., 2012; Zelante et al., 2013)  

 

1.3. Bifidobacterium and immune response 

Bifidobacterium is a genus of Actinobacteria that is abundant in the 

human gut and colonizes mammals. In humans, three phylogenetic 

groups of Bifidobacterium primarily reside in the colon: the B. 

pseudolongum group, the B. longum group, and the B. adolescentis 

group. (Lugli et al., 2014) Several Bifidobacterium species support 

the development of immature immunity in infants by colonizing within 

the first week of life. (Boesten et al., 2011) For example, B. longum 

subsp. infantis catabolizes tryptophan and produces indole-lactic 

acid (ILA) in the presence of human milk oligosaccharides (HMOs), 

which downregulates the pro-inflammatory cytokine IL-8. (Sakurai 

et al., 2019; Ehrlich et al., 2020) Despite a decrease with age, 

Bifidobacterium species stably reside throughout life, interacting with 

intestinal immunity. (Lay et al., 2005)  

In the Bifidobacterium genus, most studies on immune regulation 

through tryptophan catabolism have primarily focused on B. longum 

subsp. infantis, when it utilizes human milk. However, there is limited 

research investigating whether the metabolites of other 

Bifidobacterium species also mediate the regulation of the immune 

response. For instance, B. adolescentis induces and accumulates 

Th17 differentiation in the gut through epithelial adhesion. However, 

it remains elusive whether their metabolites are involved in Th17 
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differentiation. (Tan et al., 2016) In addition, B. pseudolongum has 

been reported to activate Th1 cells by producing inosine, a purine 

nucleoside modified from adenosine in RNA, exhibiting anti-tumor 

effects (Mager et al., 2020; Nascimento et al., 2021) while it has not 

been investigated whether the B. pseudolongum-derived metabolites 

regulate immunity.  

Furthermore, B. longum subsp. longum is relatively well-known for 

its various effects on immunity. When B. longum BL-10, isolated 

from healthy infants, was orally administered to BALB/c mice, pro-

inflammatory cytokines such as IFN-γ, TNF-α, and IL-17 

decreased, and the anti-inflammatory cytokine IL-10 increased. 

(Dong et al., 2022) However, it is not evident whether the mechanism 

is mediated by its antigens or metabolites.  

Additionally, it has been reported that cell lysates of B. longum subsp. 

RAPO, isolated from a healthy human, reduced Th17 and the 

expression of associated genes, including RORC, IL17A (interleukin 

17A), and IL23R (interleukin 23 receptor), in vitro when treating the 

lysates with peripheral blood mononuclear cells (PBMC) of 

rheumatoid arthritis patients. (Jeong et al., 2021) Although these 

findings suggest the possibility that B. longum-derived antigens 

affect immunity, the function of metabolites of B. longum on immune 

response is rarely known. In conclusion, there has been a lack of 

research dealing with the direct effects of metabolites produced by 

the three bacteria, B. pseudolongum, B. longum, and B. adolescentis, 

on the immune cells.  
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2. The aim of this study  

The gut microbiota significantly contributes to both disease and 

health in the host by regulating the immune system and immune 

homeostasis. Among the various bacteria, the Bifidobacterium genus 

is important in immune development and modulation, colonizing the 

human gut throughout life. However, there has been limited research 

performed on the immunomodulatory effects of specific 

Bifidobacterium species, such as B. adolescentis, B. pseudolongum, 

and B. longum subsp. longum, through their metabolites, despite of 

their ability to regulate adaptive immune cells, including Th17 and 

Treg. The aim of this study is to identify the influence of 

Bifidobacterium species, especially B. pseudolongum, B. longum 

subsp. longum, and B. adolescentis, on the differentiation of Th17 and 

Treg cells via the bacterial conditioned media that may contain 

metabolites.  
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1.1. Bacterial strains 

In this study, four bacterial strains were used. Two strains, B. 

adolescentis ATCC15703, and B. longum ATCC15707 were 

purchased from the American Type Culture Collection (ATCC) and 

isolated from adult humans. B. pseudolongum KGMB04129 was 

purchased from the Korean Gut Microbiome Bank (KGMB) and 

isolated from an adult human. Another B. pseudolongum strain was 

isolated from the feces of a wild-type C57BL/6 mouse.(Orientbio.) 

Except for the B. pseudolongum strains, the used bacteria were type 

strains. The origin of each bacterium was indicated at the end of its 

name.  

 

1.2. Conditioned media preparation 

All strains were incubated in an anaerobic chamber at 37℃. For 

propagation, all bacterial strains were grown in MRS broth and 

cultured overnight. DMEM (Welgene.) supplemented with 5% Fetal 

Bovine Serum (FBS, Welgene.) was used as a bacterial culture 

medium. To identify the growth curves, the optical density values 

were measured at 600nm and at intervals of 2~3 hours for 24 hours. 

To acquire bacterial conditioned media(Woodmansey et al., 2004), 

the culture supernatant of each bacterial strain was acquired during 

some phases; mid-exponential phase, early-stationary phase, late-

stationary phase (24 hours after cultivation), and 48 hours after 

cultivation. The supernatant was filtered using 0.2um syringe filters 

and used as the bacterial conditioned media (CM). The conditioned 
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media were stored in a deep freezer at about -80℃.  

 

1.3. Aryl hydrocarbon receptor(AhR) reporter assay  

 1.3.1. Cell line 

The HT29-Lucia AhR cell line was purchased from InvivoGen. They 

are derived from the human HT29 colorectal adenocarcinoma cell line. 

In the cell line, Lucia luciferase genes are placed under the promoter 

of Cyp1a1, one of AhR downstream genes. Therefore, when the Ahr 

ligands bind to the endogenous AhR of the cells, the Lucia luciferase 

gene is expressed, allowing for quantitative assessment via 

luminescence measurement. To propagate the cells, they were 

cultured in growth media composed of DMEM supplemented with 10% 

FBS, penicillin-streptomycin (Welgene.), and 100μg/ml Normocin.  

 1.3.2. AhR reporter assay 

To examine if the conditioned media of Bifidobacterium species 

contain AhR ligands that can activate AhR. For the reporter assay, 

the HT29-Lucia AhR reporter cells were resuspended in the assay 

medium, whose composition is the same as that of the growth medium 

without Normocin at a concentration of 3~4X105/ml. The cells were 

treated with the CM of Bifidobacterium species and incubated at 37℃. 

After 24 hours, QUANTI-Luc™ 4 Reagent (luciferase substrate) 

solution was added, and the luminescence was measured using a 

microplate luminometer. 

The data were normalized to the average of the negative control 

(DMEM+ FBS), and the relative activation levels were represented.  
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1.4. CD4+  lymphocytes Isolation  

Wild-type C57BL/6 mice were purchased from Orientbio, Korea. 

From the spleen of the mice, CD4+  T lymphocytes were isolated 

using Dynabeads™ Untouched™ Mouse CD4 Cells Kit (Invitrogen) 

and differentiated into Treg and Th17 cells.  

Mice were sacrificed, and their spleens were collected. The tissues 

were digested in 1X dPBS (Welgene) and centrifuged at 2000rpm for 

5 minutes at 4℃. The pellet of spleen cells was treated with red blood 

cell lysis buffer (RBC buffer) for 5 minutes and washed with PBS. 

The cells were resuspended in the isolation buffer (Invitrogen). From 

the cells, CD4+ T cells were purified using Dynabeads™ Untouched™ 

Mouse CD4 Cells Kit (Invitrogen) following the manufacturer’s 

protocol, which uses an antibody mix that binds to other lymphocytes 

except for CD4+ T cells and removes the other cells using antibody-

binding beads. The purity of the isolated CD3+  CD45+  CD4+  T  

lymphocytes among total FCS-SSC subsets was 92~93%, and 

viabilities were 98~99%, as detected by FACS analysis.  

 

1.5. In vitro T cell differentiation 

For in vitro Treg and Th17 differentiation, the purified CD4+ T cells 

were cultured at a density of 0.95~1X106/ml in 96-well plates, 

resuspended in RPMI 1640 media supplemented with 10% FBS, 1X 

penicillin, and streptomycin, 10mM HEPES, and 50μM β-

mercaptoethanol.  

To activate TCR-mediated T cell activation, 5ug/ml of anti-CD3 (BD 
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Horizon™ BB700 Armenian Hamster Anti-Mouse CD3e, 566494) in 

PBS were coated onto the 96-well plates and incubated overnight for 

Th17 differentiation. For Treg differentiation, in addition to the 

previous conditions, anti-CD28 was added. The CD4+ T cells were 

then cultured on the plates under the following conditions:  

For Th17 differerntiation: 1ug/ml of soluble anti-CD28(BD, 553294), 

0.3ng/ml of recombinant mouse (rm) TGF-β1 (R&D systems, 7666-

MB-005), 30ng/ml of rmIL-6 (Biolegend, 575702), 1ug/ml of anti-

IFNγ (BD Biosciences, 554409), 1ug/ml of anti-IL4 (Invitrogen, 14-

7041-81) with 10% bacterial conditioned media(Woodmansey et al., 

2004) and 4-day cultivation in a CO2 incubator at 37℃ . 

For Treg differentiation: 2ug/ml of soluble anti- CD28 (BD, 553294), 

1ng/ml of the recombinant mouse (rm) TGF-β 1(R&D systems, 

7666-MB-005), 10ng/ml of rmIL-2 (Biolegend, 575702), 2ug/ml of 

anti-IFNγ (BD Biosciences, 554409), 1ug/ml of anti-IL4 (Invitrogen, 

14-7041-81) with 10% bacteria cultured media and 3-day 

cultivation in a CO2 incubator at 37℃. 

 

1.6. Fluorescence-activated cell sorting (FACS) 

To determine the differentiation of cultured cells, fluorescence-

activated cell sorting (FACS) was performed using LSR Fortessa (BD 

Biosciences). The cells were treated with reagents sequentially and 

washed before adding the next reagent. For intracellular cytokine 

staining, only the cells cultured under the Th17 skewing condition 

were restimulated by incubating them in a solution including PMA 
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(50ng/ml), Ionomycin (1ug/ml), Brefeldin (5ug/ml) (all Sigma 

Aldrich) for 4 hours prior to surface staining. 

First, the cells were incubated with Near-IR fluorescent reactive dye 

(Invitrogen) for 20 minutes at 4℃ to stain live cells. CD16/32 was 

then treated for 15 minutes at 4℃ to block non-specific binding by 

Fc receptors. Next, surface marker staining was performed. To 

detect CD4+  T cells, a solution containing CD3-Pecy7 (BioLegend),  

CD45.2-FITC (Biolegend), and CD4-V500 (BD) was treated for 30 

minutes at 4℃. Subsequently, fixation buffer (eBioscience) was 

added. After overnight incubation, intracellular transcription factors 

staining was performed for an hour incubation at room temperature. 

The followings are used antibodies: Th17, IL-17A-PECF594(BD), 

RORγt-BV650 (BD) and Treg, FOXP3-Percp/cy5.5 (Invitrogen), 

RORγt-BV650 (BD), Helios-Pacific Blue (BioLegend). The data 

were analyzed using Flowjo software (BD).   

 

1.7. RNA preparation and qRT-PCR 

 1.7.1. RNA extraction 

To detect the gene expression level, total RNA was extracted from 

the differentiated cells using the Rneasy mini kit (Qiagen), according 

to the manufacturer's protocol. (Keller et al., 1993) 

 1.7.2. qRT-PCR 

The isolated RNA was mixed with random hexamers (Sigma) and 

incubated for 5 minutes at 65℃ in a PCR machine. After cooling on 

ice, a mixture containing 5X reaction buffer, 20U SUPERase RNase 
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inhibitor (Invitrogen), 1mM dNTP (Thermo Scientific), and 200U 

RevertAid Reverse Transcriptase (Thermo Scientific) was added to 

synthesize cDNA. The cDNA synthesis was conducted at the 

following temperatures: 25℃ for 10 minutes, 42℃ for 60 minutes, 

and 70℃ for 10 minutes in a PCR machine.  

For quantitative real-time PCR, the following genes were analyzed: 

Ctla4, Il10, Cd25, Rorc, Foxp3, Maf, Cd39, Tgfb1, Gapdh, Hprt. SYBR 

green qPCR master mix (RR420A, TaKaRa) was used, and the primer 

sequences are listed in Table 1.  

The thermocycling process is composed of three stages: 1) initial 

denaturation at 95℃ for 30 seconds, 2) additional denaturation at 

95℃, for 5 seconds 3) annealing at 60℃ for 30 seconds (repeated 

for 40 cycles), and 4) dissociation stage at 95℃ 15 seconds, 60℃ for 

a minute, and 95℃ for 15 seconds for measurement of amplification 

and fluorescence.  

The relative quantification was determined by comparing the Ct 

values of each target gene to the mean Ct of the housekeeping gene. 

(gapdh, and hprt)  
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Table 1. The list of primers used in qRT-PCR 

Targe

t gene 
Forward(5’-3’) Reverse(5’-3’) 

Refere

nce 

Ctla4 
ACTCATGTACCCAC

CGCCATA 

GGGCATGGTTCTGGAT

CAAT 

Kong 

KF et 

al., 2014 

Il10 
CCCTTTGCTATGGT

GTCCTT 

TGGTTTCTCTTCCCAA

GACC 

Murai M 

et al., 

2009 

Cd25 
CTGTGGTGGTTAT

GGGGCAG 

GGGAAAACGGGGTGGA

CTC 

Perman

yer M 

et al., 

2021 

Rorc 
TTTGGAACTGGCT

TTCCATC 

AAGATCTGCAGCTTT

TCCACA 

Cretney 

E et al., 

2011 

Foxp3 
GGCCCTTCTCCAGG

ACAGA 

GCTGATCATGGCTGGG

TTGT 

Cretney 

E et al., 

2011 

Maf 
AGCAGTTGGTGACC

ATGTCG 

TGGAGATCTCCTGCTT

GAGG 

Chen X 

et al., 

2022 

Cd39 
AGCTGCCCCTTATG

GAAGAT 

TCAGTCCCACAGCAAT

CAAA 

Haas 

CB et 

al., 2021 

Tgfb1 
ATCCTGTCCAAACT

AAGGCTCG 

ACCTCTTTAGCATAGT

AGTCCGC 

Lainé A 

et al., 

2021 

Gapdh 
GGCAAATTCAACGG

CACAGT 

AGATGGTGATGGGCT

TCGC 
 

Hprt 
CACAGGACTAGAAC

ACCTGC 

GCTGGTGAAAAGGACC

TCT 

Keller 

et al., 

1993 
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III. Results 

1. B. pseudolongum-conditioned media enhance Treg differentiation 

and gene expression.  

Metabolites are intermediates or products produced through 

metabolism. (Medina-Carmona et al.,  2023) Bacteria generally 

produce primary metabolites from carbon, nitrogen sources in the 

exponential phase, (Sanchez and Demain, 2008), and secondary 

metabolites from products of primary metabolites in the stationary 

phase. (Seyedsayamdost, 2019) In order to find out the phase during 

which Bifidobacterium species produce immunomodulatory 

metabolites, bacterial conditioned media (CM) from B. pseudolongum 

(mouse), B. adolescentis (human), and B. longum subsp. longum 

(human) were harvested at three distinct time points: mid-

exponential phase, early-stationary phase, and late-stationary 

phase (24 hours after cultivation), and subsequently CD4+ T cells 

were treated with the bacterial CM under the Treg cell polarizing 

condition. (Figure 1)  
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Figure 1. The growth curves and three time-points at which conditioned 

media of Bifidobacterium species were acquired.  

The growth curves of (A) B. adolescentis (human), (B) B. longum subsp. 

longum (human), and (C) B. pseudolongum (mouse). Bacteria were grown 

on DMEM with 5% FBS medium and OD values were measured at 600nm at 

intervals of 2~3 hours for 24 hours. The conditioned media of the indicated 

bacteria were obtained at the mid-exponential phase (pink), early-

stationary phase (orange), and late-stationary phase (green). 
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FOXP3, the master transcription factor expressed in Treg cells, 

(Fontenot et al., 2003; Hori et al., 2003) regulates the expression of 

genes required for the development and inhibitory functions of Treg. 

(Hori et al., 2003) Consequently, it was observed that only the CM of 

B. pseudolongum (mouse) harvested during early- and late-

stationary phases increased the differentiation of FOXP3+ Treg cells. 

(Figure 2A)  

In the human intestine, RORγt+ Helios- FOXP3+  Treg cells 

differentiate from CD4+  T cells under the influence of gut microbiota. 

(Atarashi et al., 2011) Based on the previous finding, the effect of 

Bifidobacterium species-CM on the differentiation of RORγt+  Helios- 

Treg cells was examined. However, all bacterial CM failed to 

significantly increase the differentiation of RORγt+ Treg cells. 

(Figure 2B)  
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Figure 2. Mouse-derived B. pseudolongum-conditioned media promote 

FOXP3+  Treg under the Treg-polarizing condition. 

To identify the role of Bifidobacterium species-CM in Treg differentiation, 

Treg skewing was performed. CD4+  T cells isolated from the spleen of 

wild-type C57BL/6 mice were cultured with the bacterial CM harvested at 

indicated phases under the condition for Treg differentiation (1ng/ml of 

mTGF-β1 and 10ng/ml rIL-2) for 3 days. The growth phases when the 

bacteria cultured media were acquired were shown on the X-axis. FACS 

analysis was performed and show the frequency of (A) Foxp3+  cells among 

the CD4+  CD3+  cell population. (B) Rorγt+  Helios- cells among FOXP3+  

CD4+  cell population. Ordinary one-way ANOVA was used for multiple 

comparisons. Each mean of samples is compared with the mean of the 

medium (DMEM+ FBS). Shown bars are the means and SD (n=3, 

independent measurements). *p value < 0.05, **p value < 0.01, ***p value < 

0.001, **** p value < 0.0001. 
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While most Treg cells express FOXP3, previous studies reported that 

activated CD4+  T cells can also express FOXP3 without regulatory 

function. (Wang et al.,  2007; Kmieciak et al.,  2009) Considering 

these findings, multiple criteria were required to accurately examine 

Treg cells differentiated by the bacterial CM. Therefore, the impacts 

of the bacterial CM on the expression level of genes involved in Treg 

differentiation and regulatory function were measured via 

quantitative real-time polymerase chain reaction (qRT-PCR). 

Identified genes included Foxp3, Rorγt, and Maf  which is involved in 

the final differentiation of RORγt+ Treg cells and the production of IL-

10 in Treg cells. (Neumann et al., 2019) As a result, the CM of B. 

pseudolongum (mouse) obtained during early and late stationary 

phases upregulated the transcription level of Maf. (Figure 3C) 

However, none of the bacterial CM significantly enhanced the 

expression of Foxp3 and Rorc. (Figure 3A,B)  
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Figure 3. The impacts of the conditioned media of Bifidobacterium species 

on the expression of genes encoding transcription factors involved in 

differentiation. 

To identify the relative mRNA expression levels of genes encoding 

transcription factors involved in differentiation, quantitative real-time 

polymerase chain reaction (qRT-PCR) was performed. (A) Foxp3, (B) 

Rorc, and (C) Maf. RNA was extracted from the cells differentiated under 

the Treg-skewing condition(Figure 2) with the bacterial CM harvested at 

indicated phases. The growth phases when the bacteria cultured media were 

acquired were shown in the X-axis. Ordinary one-way ANOVA was used 

for multiple comparisons. Each mean of samples is compared with the mean 

Medium
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of the medium (DMEM+ FBS). Shown bars are the means and SD (n=3, 

independent measurements). *p value < 0.05, ***p value < 0.001. 

 

 

There are representative surface molecules involved in the inhibitory 

functions of Treg cells. Firstly, CTLA-4 encoded by Ctla4 

(Cytotoxic T-lymphocyte antigen 4) competes with CD28 for 

binding to CD80 and CD86 on antigen-presenting cells to prevent the 

activation of nearby T cells. (Walker, 2013). Secondly, CD25 

encoded by Cd25 is an alpha chain of the IL-2 receptor and essential 

cytokine for the survival of T cells. (Kelly et al., 2002) Highly 

expressed IL-2Rα inhibits the activation of other immune cells by 

using the cytokine, which results in the death of cells. (Thornton and 

Shevach, 1998; Chinen et al., 2016) Lastly, CD39 encoded by Cd39, 

namely the enzyme named Ectonucleoside triphosphate 

diphosphoytolase-1 (ENTPD), suppresses the maturation of the 

dendritic cell and one the of antigen-presenting cells by hydrolyzing 

ATP to AMP. (Borsellino et al., 2007) Also, this hydrolysis 

contributes to inhibiting effector T cells. (Zarek et al., 2008) 

To identify the effects of Bifidobacterium species-CM on the gene 

expression of surface molecules, the expression levels of genes 

including Ctla4, Cd25, and Cd39  were measured. (Figure 4A,B,C) 

However, no significant increase in the expression of the genes was 

detected in the response to bacterial CM.  
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Figure 4. The impacts of the conditioned media of Bifidobacterium species 

on the expression of genes encoding regulatory molecules. 

To identify the relative mRNA expression levels of genes encoding 

regulatory molecules, qRT-PCR was performed. (A) Ctla4, (B) Cd25, (C) 

Cd39, (D) Il10, (E) Tgfb1. RNA was extracted from the cells differentiated 
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under the Treg-skewing condition (Figure 2) with the bacterial CM 

harvested at indicated phase. The growth phases when the bacteria cultured 

media were acquired were shown in the X-axis. Ordinary one-way ANOVA 

was used for multiple comparisons. Each mean of samples is compared with 

the mean of the medium (DMEM+ FBS). Shown bars are the means and SD 

(n=3, independent measurements). *p value < 0.05, **p value < 0.01, ***p 

value < 0.001, ****p value < 0.0001. 

 

 

Next, the expression of genes encoding inhibitory cytokines 

expressed in Treg cells was examined: IL-10 encoded by Il10 

suppresses CD28 singling responsible for T cell activation (Taylor 

et al., 2006); TGF-β1 encoded by Tgfb1 inhibits T cell proliferation 

and differentiation. (Gorelik et al., 2002) As a result, all the bacterial 

CM enhanced the expression of Il10, except for the CM of B. longum 

subsp. longum acquired during the mid-exponential phase. (Figure 

4D) However, any bacterial CM did not significantly increase the 

expression of Tgfb1. (Figure 4E) Collectively, these findings suggest 

the possibility that B. pseudolongum (mouse) produces metabolites 

that promote the differentiation of FOXP3+  Treg cells, and all three 

Bifidobacterium species generate metabolites that enhance Il10 

expression.  

 

Although B. pseudolongum (mouse)-CM increased the differentiation 

of FOXP3+ Treg cells, it limitedly enhanced the expression of the 

genes. It is known that when gut commensal bacteria enter the 

stationary phase from the exponential phase, their metabolism is 
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shifted from saccharolysis to proteolysis. (Roager and Licht, 2018) 

Moreover, it has been reported that specific Bifidobacterium species 

upregulate the expression of genes involved in the transport and 

metabolism of amino acids during the stationary phase. (Veselovsky 

et al.,  2022) In addition, a previous study revealed that it takes 48 

hours for some bacteria to deplete all tryptophan in minimal media 

supplemented with tryptophan, with the duration depending on 

bacterial species. (Mindt et al., 2022) Considering the results of 

previous findings, it can be inferred that when bacteria are incubated 

for 48 hours, more metabolites are expected to be accumulated, 

which may lead to different effects on Treg differentiation.  

To confirm the expectation, B. pseudolongum (mouse)-CM was 

acquired after 48 hours of cultivation. In addition, to examine whether 

human-isolated B. pseudolongum, indicated as B. pseudolongum 

(human), exerts similar effects to B. pseudolongum (mouse), the B. 

pseudolongum (human) was cultured for 48 hours and its CM was 

obtained. The CD4+  T cells were cultured with the CM of the two 

strains of B. pseudolongum under the Treg-polarizing condition. As 

a result, CM of the two strains of B. pseudolongum significantly 

enhanced FOXP3+  Treg cell differentiation (Figure 5B), and 

especially B. pseudolongum (mouse)-CM increased RORγt+  Helios- 

Treg cell differentiation. (Figure 5A,C) The results imply that B. 

pseudolongum species may produce metabolites that can increase 

Treg differentiation. 
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Figure 5. B. pseudolongum-conditioned media promote FOXP3+  Treg in the 

Treg-polarizing condition. 

To identify the role of Bifidobacterium species-derived metabolites in Treg 

differentiation, Treg skewing experiments were performed. CD4+ T cells 

from the spleen of wild-type C57BL/6 mice were cultured with the 48-

hour cultured media of indicated bacteria in the condition for Treg 

differentiation (1ng/ml of mTGF-β1 and 10ng/ml rIL-2) for 3 days. FACS 

analysis was performed and shows (A) the representative gating plots for 

Rorγt+ Helios- cells and (B) the frequency of Foxp3+  cells among the CD4+ 

CD3+  cell population, (C) RORγt+  Helios- cells among the FOXP3+  CD4+  

population. Ordinary one-way ANOVA was used for multiple comparisons. 

Each mean of samples is compared with the mean of the medium (DMEM+ 

FBS). Shown bars are the means and SD (n=3, independent measurements). 

*p value < 0.05, **p value < 0.01. 
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As for the genes encoding regulatory molecules, CM of both B. 

pseudolongum strains upregulated Foxp3, Maf, Ctla4, and Il10 

expression. (Figure 6A, 6C, 7A and 7D) Rorc was slightly 

upregulated by the B. pseudolongum (mouse)-CM. (Figure 6B) In 

addition, only B. pseudolongum (human)-CM increased Cd39 

expression. (Figure 7C)  However, the expression levels of Cd25 and 

Tgfb1 were not raised by either of the CM of the two strains. (Figure 

7B,E) These findings imply that B. pseudolongum species may 

generate metabolites that promote gene expression, and the effects 

are strain-specific.  
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Figure 6. The impacts of B. pseudolongum-conditioned media on the 

expression of genes encoding transcription factors involved in 

differentiation. 

To identify the relative mRNA expression levels of genes encoding 

transcription factors involved in differentiation, qRT-PCR was performed. 

(A) Foxp3, (B) Rorc, and (C) Maf. RNA was extracted from the cells 

differentiated under the Treg-skewing condition (Figure 5) with the 48-

hour cultured media of indicated bacteria. Ordinary one-way ANOVA was 

used for multiple comparisons. Each mean of samples is compared with the 

mean of the medium (DMEM+ FBS). Shown bars are the means and SD (n=3, 

independent measurements). *p value < 0.05, **p value < 0.01, ***p value < 

0.001. 
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Figure 7. The impacts of B. pseudolongum-conditioned media on the 

expression of genes encoding regulatory molecules. 

To identify the relative mRNA expression levels of genes encoding 

regulatory molecules, qRT-PCR was performed. (A) Ctla4, (B) Cd25, (C) 

Cd39, (D) Il10, and (E) Tgfb1. RNA was extracted from the cells 

differentiated under the Treg-skewing condition (Figure 5) with the 48-

hour cultured media of the indicated bacteria. Ordinary one-way ANOVA 

was used for multiple comparisons. Each mean of the samples is compared 

with the mean of the medium (DMEM+FBS). Shown bars are the means and 

SD (n=3, independent measurements). *p value < 0.05, **p value < 0.01, 

***p value < 0.001. 
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2. The conditioned media of B. pseudolongum and B. adolescentis 

promote Th17 differentiation. 

To investigate whether metabolites of human-derived 

Bifidobacterium species exert influences on Th17 cell differentiation, 

each CM of B. pseudolongum (human), B. adolescentis (human), and 

B. longum subsp. longum (human) was obtained after 48-hour 

cultivation and treated with CD4+  T cells under the Th17 cell 

polarizing condition.  

RORγt is expressed as a master transcription factor in the Th17 cell 

and is responsible for producing IL-17A. (Ivanov et al., 2006) IL-

17A is mainly secreted from Th17 cells and plays a crucial role in 

the defense of the host against microbial infections on the mucosal 

surfaces by inducing inflammation. (Brabec et al., 2023; Ishigame et 

al., 2009)  

The result showed that the CM of B. adolescentis (human), B. 

pseudolongum (human) promoted the differentiation of IL-17A+  

RORγt +  Th17 cells. (Figure 8B) Additionally, it was observed that 

the IL-17A+  CD3+  CD4+ T cells were significantly increased by the 

CM of human-derived B. pseudolongum, and B. adolescentis. (Figure 

8A,C) These findings suggest that both B. pseudolongum (human) 

and B. adolescentis (human) may generate metabolites that promote 

the differentiation of IL-17A-producing Th17 cells.  
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Figure 8. The conditioned media of B. pseudolongum and B. adolescentis 

promote Th17 cell differentiation under the Th17-polarizing condition. 

To identify the role of Bifidobacterium species-derived metabolites in Th17 

differentiation, Th17 skewing experiments were performed. CD4+ T cells 

from the spleen of wild-type C57BL/6 mice were cultured with 48-hour 

cultured media of indicated bacteria under the Th17 differentiation condition 

(0.3ng/ml of mTGF-β1 and 30ng/ml rIL-6) for 4 days. FACS analysis was 

performed and shows (A) the representative gating plots for IL-17A+  CD4+  

cells (B) the frequency of IL-17A+ cells among CD4+  RORγt+  cell 

population, and (C) IL-17A+ cells among the CD3+ CD4+  cell  population. 

Ordinary one-way ANOVA was used for multiple comparisons. Each mean 

of samples is compared with the mean of the medium (DMEM+ FBS). Shown 

bars are the means and SD (n=3, independent measurements). **p value < 

0.01. 
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3. Comparative effects of Bifidobacterium-conditioned media on 

immune cell differentiation with aryl hydrocarbon receptor activation.  

It has been reported that some Bifidobacterium species metabolize 

tryptophan to indole derivatives, which enable them to activate the 

aryl hydrocarbon receptor (AhR) of immune cells as AhR ligands. 

The DMEM medium used in this study contains tryptophan. 

Therefore, to determine whether the metabolites derived from 

Bifidobacterium species would contain the AhR ligands, an AhR 

reporter assay was performed. The HT-29 AhR reporter cells were 

cultured with the CM of Bifidobacterium species used for CD4+  T cell 

differentiation. Additionally, to verify that the activation was truly 

AhR-dependent, CH223191, an antagonist of AhR, was treated. 

As a result, AhR activation was detected in response to B. 

pseudolongum (mouse)-CM harvested during the early stationary 

phase, which also promoted the differentiation of FOXP3+  Treg cells 

and the expression of several genes, such as Maf, Il10. (Figure 2A, 

3C, 4D, 9A) The CM of two B. pseudolongum strains obtained after 

48-hour cultivation effectively induced Treg cells and activated AhR. 

(Figure 5, 6, 7, 9B) These findings imply that the CM of B. 

pseudolongum species may contain metabolites that act as AhR 

ligands and consistently affect CD4+ T cell differentiation and AhR 

activation.  
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Figure 9. The conditioned media of Bifidobacterium species contain ligands 

for the aryl hydrocarbon receptor and are capable of activating the receptor. 

To identify whether the Bifidobacterium species-derived metabolites 

include the ligand for the aryl hydrocarbon receptor, the luciferase assay 

was performed using the HT29-AhR reporter cell line. The cells were 

cultured with the indicated bacterial cultured media, FICZ(an AhR agonist), 

and CH223191 (an AhR antagonist) for 24 hours. Treated bacterial cultured 

media are harvested at (A) three growth phases(mid-exponential, early-

stationary, and late-stationary phases) and (B) 48-hour after cultivation. 

After that, the luminescence was assessed by a microplate luminometer, and 

the data were normalized to a medium-treated sample without CH223191. 

Ordinary one-way ANOVA was used for multiple comparisons. Each mean 

of samples is compared with the mean of the medium (DMEM+ FBS). Shown 
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bars are the means and SD (n=3, independent measurements). ***p value < 

0.001, **** p value < 0.0001, #### p value <0.0001. 

 

 

 

On the contrary, the CM of B. longum subsp. longum (human) and B. 

adolescentis (human), obtained during the mid-exponential phase 

and early-stationary phase, activated AhR but did not affect FOXP3+ 

Treg differentiation. (Figure 2A, 9A) These findings indicate that the 

effects of CM derived from B. longum subsp. longum (human) and B. 

adolescentis (human) on AhR activation and CD4+  T cell 

differentiation are not consistent. In addition, the CM of the three 

Bifidobacterium species harvested after 48-hour cultivation showed 

similar levels of AhR activation. (Figure 9B) However, only B. 

adolescentis (human) and B. pseudolongum (human) promoted Th17 

cell differentiation, implying that the CM of each Bifidobacterium 

species exhibits species-specific effects on immune regulation. 

(Figure 8, 9B)  
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Figure 10. Bifidobacterium species may produce metabolites that have the 

ability to regulate CD4+  T cell differentiation. 

This model demonstrates that the metabolites derived from Bifidobacterium 

species may have impacts on CD4+  T cell differentiation. B.pseudolongum 

(human) and B. pseudolongum (mouse) may produce metabolites increasing 

FOXP3+  Treg differentiation and the expression of indicated genes. All the 

indicated Bifidobacterium species-derived metabolites may upregulate Il10 

expression. In addition, metabolites of B. adolescentis (human) and B. 

pseudolongum (human) may promote the differentiation of RORγt+  IL-17A+  

Th17 cells.  
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This study shows the possibility that the Bifidobacterium species 

modulate CD4+  T cell differentiation in a previously unknown way. 

Firstly, it was discovered that B. pseudolongum species-conditioned 

media (CM) upregulate the differentiation of FOXP3+  Treg cells 

under the Treg-polarizing condition. However, the effects of the CM 

on RORγt+ Treg differentiation and related gene expression were 

species- and strain-specific. In contrast, the CM produced by both 

B. longum subsp. longum (human) and B. adolescentis (human) did 

not induce Treg differentiation. Moreover, the CM generated by both 

human-isolated B. pseudolongum and B.  adolescentis upregulated 

Th17 cell differentiation under the Th17-polarizing condition. These 

findings suggest that B. pseudolongum species and B. adolescentis 

(human) may produce immunomodulatory metabolites that regulate 

the differentiation of CD4+ T cells. (Figure 10) 

 

 

Bifidobacterium species are important in humans. Several 

Bifidobacterium species are used in probiotic supplements due to 

their helpful impacts on host health, including digestion of dietary 

fibers, and anti-inflammatory effects. Furthermore, some species of 

this genus have been reported to play crucial roles in developing and 

modulating immune responses. Despite the importance of 

Bifidobacterium in human health, the influence of Bfidiboacterium-

derived metabolites on adaptive immune responses has not been fully 

understood. For example, although B. adolescentis is well known to 

induce Th17 cells through epithelial cell attachment, (Tan et al., 2016) 

the specific role of its metabolites in Th17 cell differentiation is 
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poorly understood. However, this study suggests that B. adolescentis 

(human)-derived metabolites containing AhR ligands may increase 

Th17 cell differentiation. In addition, there is a lack of research 

regarding the ability of B. pseudolongum to generate AhR ligands and 

promote immune cell development. However, this study illuminated 

the unexplored aspects. Moreover, previous studies have reported 

that B. longum subsp. longum alleviates Dextran Sulfate Sodium 

(DSS)-induced colitis by increasing IL-10, an inhibitory cytokine 

expressed by both dendritic cells and Treg cells, but the mediator 

was not investigated. (Srutkova et al., 2015) This study suggests that 

B. longum subsp. longum-derived metabolites may upregulate IL-10 

expression but not significantly promote Treg differentiation. In 

conclusion, this study expands our understanding of the potential role 

of metabolites of Bifidobacterium species in the differentiation of 

adaptive immune cells.  

 

 

Meanwhile, the CM of two B. pseudolongum strains effectively 

promoted immune cell differentiation, which correlated with the 

activation of the aryl hydrocarbon receptor (AhR). This suggests the 

possibility that the B. pseudolongum affect immune responses 

through the AhR pathway. On the contrary, B. longum subsp. longum 

(human) and B. adolescentis (human) showed inconsistency when it 

comes to the promotion of immune cell differentiation and AhR 

activation. Moreover, when comparing two B. pseudolongum strains, 

their CM exerted different effects on the differentiation of RORγt+  

Treg and the expression of Rorc and Cd39, despite similar levels of 
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AhR activation. These findings suggest that Bifidobacterium species 

exhibit species and strain-specific effects on the differentiation of 

Th17 and Treg cells. Especially, B. pseudolongum (mouse) showed a 

greater enhancement in the differentiation of RORγt+  Treg and the 

expression of Rorc than B. pseudolongum (human).  

 

 

One limitation of this study is that specific metabolites that mediate 

CD4+  T cell differentiation were not identified. However, from 

previous studies, it is possible to guess the potential candidates for 

immunomodulatory metabolites contained in CM of Bifidobacterium 

species in this study. For example, a recent study found that 

breastfeeding-associated Bifidobacterium species, such as B. 

longum subsp. longum, B.  longum subsp. infantis, B.  bifidum, and B.  

breve, degrade aromatic amino acids (e.g., tryptophan, phenylalanine, 

and tyrosine) into aromatic lactic acids (e.g., indole acetic acid [ILA], 

phenyl lactic acid [IPA], and 4-hydroxyphenyl acetic acid [4-OH-

PLA]) via aromatic lactate dehydrogenase (ALDH) when cultured in 

MRS media supplemented with human milk oligosaccharides (HMOs). 

(Laursen et al., 2021)  

 

 

In addition, another study found that the type strains of B. 

pseudolongum, B. longum subsp. longum and B. adolescentis possess 

the gene ldh, encoding the L-lactate dehydrogenase (LDH) enzyme 

that catabolizes tryptophan into indole-lactic acid (ILA) (Laursen et 

al., 2020), one of the AhR ligands. Also, if the Bifidobacterium species 
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have the ability to degrade tryptophan, the metabolites may contain 

other tryptophan catabolites, including indole-acetic acid (IAA), 

indole acetaldehyde (IAld), and tryptamine, which can activate AhR. 

(Roager and Licht, 2018) These findings suggest that the metabolites 

derived from Bifidobacterium species may include amino acid 

catabolites, which can act as AhR ligands. To find out the precise 

mechanism, it is necessary to identify the exact composition and 

proportion of molecules in the cultured media through metabolomic 

analysis.  

 

 

Finally, the findings of this study offer insights into the roles of 

metabolites of Bifidobacterium species on CD4+ T cell responses by 

showing the effects of bacterial CM on Treg and Th17 cell 

differentiation in vitro. However, additional in vivo studies are needed 

to understand their immunomodulatory function in a dynamic and 

complex in vivo environment containing various factors that can 

affect immune cell differentiation and functions.   
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국문초록 

Bifidobacterium species 유래 대사물에 의한 

CD4+  T cell 분화 조절 

 

장내미생물에서 유래한 대사물은 미생물과 숙주 면역계 간의 상호작용을 매

개하는 데 중요한 역할을 담당한다. 비피도박테리움 속은 장내 세균 중 하나

로 면역계 발달과 조절에 중요하다. 특히 Bifidobacterium pseudolongum, 

Bifidobacterium adolescentis, Bifidobacterium longum subsp. longum

은 Th17 세포와 조절 T 세포를 포함하는 적응 면역계의 CD4+ T 세포를 조

절한다. 하지만 그들의 대사물이 이러한 면역 조절에 관여할 수 있는가에 대

한 연구는 부족하다. 본 연구에서는 이 세가지 비피도박테리움 종의 배양액

이 Th17 세포와 조절 T 세포에 분화에 미치는 영향을 조사했다. 그 결과, B. 

pseudolongum의 배양액이 조절 T 세포 분화를 촉진시키고, 관련된 유전자 

발현을 증가시킬 수 있음을 관찰했다. 게다가, B. pseudolongum, B. 

adolescentis의 배양액이 인터루킨 17 A를 발현하는 Th17 세포의 분화를 

향상시켰다. 따라서, B. pseudolongum, B. adolescentis의 대사물이 T 세

포에 의한 면역 반응을 조절할 수 있는 가능성을 확인하였다.  
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