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Excess chronic contact between microbial motifs and

intestinal immune cells is known to trigger a low-grade

inflammation involved in many pathologies such as obe-

sity and diabetes. The important skewing of intestinal

adaptive immunity in the context of diet-induced obesity

(DIO) is well described, but how dendritic cells (DCs)

participate in these changes is still poorly documented.

To address this question, we challenged transgenic

mice with enhanced DC life span and immunogenicity

(DChBcl-2 mice) with a high-fat diet. Those mice display

resistance to DIO and metabolic alterations. The DIO-

resistant phenotype is associated with healthier param-

eters of intestinal barrier function and lower intestinal

inflammation. DChBcl-2 DIO-resistant mice demonstrate

a particular increase in tolerogenic DC numbers and

function, which is associated with strong intestinal IgA,

T helper 17, and regulatory T-cell immune responses.

Microbiota composition and function analyses reveal

that the DChBcl-2 mice microbiota is characterized by

lower immunogenicity and an enhanced butyrate pro-

duction. Cohousing experiments and fecal microbial

transplantations are sufficient to transfer the DIO resis-

tance status to wild-type mice, demonstrating that

maintenance of DCs’ tolerogenic ability sustains a

microbiota able to drive DIO resistance. The tolerogenic

function of DCs is revealed as a new potent target in

metabolic disease management.

The World Health Organization estimates that �34% of

the population has developed or is at risk to develop a

metabolic syndrome that predisposes to cardiovascular

diseases and cancers (1). A major component that triggers

metabolic syndrome is a chronic low-grade inflammation

that originates, at least in part, from impaired intestinal

barrier function (IBF) (2,3). Modifications in the composi-

tion of the intestinal microbiota induced by dietary

changes have been shown to promote many pathologies,

including metabolic disorders (2–5).

Although much progress has been made to better char-

acterize the role of proinflammatory immune responses

in the pathogenesis of metabolic dysfunctions, few studies

have focused on the role of intestinal antigen-presenting

cells (APCs) (6,7). Detection of enteric pathogens through

pattern recognition receptors induces dendritic cell (DC)

maturation, triggering proinflammatory adaptive immu-

nity for pathogen clearance. Conversely, at steady states,

mucosal DCs are known to promote tolerogenic immunity

(8). Several environmental cues enable the maintenance
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of DC tolerogenic function. Particular microbiota-derived

metabolites, such as butyrate, may influence DCs’ tolero-

genic activity (9,10).

The constant dialog between the microbiota and the

immune system is critical in regulating the composition

of the intestinal microbiota throughout life. However, the

contribution of DC–microbiota cross talk in orchestrating

the progression of low-grade inflammation is unclear.

To decipher the impact of DCs, we used a mouse model

developed in our laboratory for which the human antia-

poptotic factor B-cell lymphoma 2 (Bcl-2) is expressed

under the CD11c promoter to target DCs (DChBcl-2 mice).

Targeting Bcl-2 in DCs is known to increase DC life span,

resulting in a higher DC number in lymphoid organs, thus

boosting the adaptive immune responses (11,12). Since it

has been hypothesized that inappropriate intestinal T

helper (Th) polarization could promote the deleterious

proinflammatory immune environment associated with

metabolic alterations (13), we assessed how the increased

DC life span impacts DC–microbiota cross talk and host

metabolism in the context of diet-induced obesity (DIO).

RESEARCH DESIGN AND METHODS

Animal Experimentation

Transgenic male mice on the C57BL/6J background

expressing the open reading frame of human BCL2 apo-

ptosis regulator gene (hBcl2) under the murine CD11c

(Itgax; Integrin alpha X) promoter (DChBcl-2) were obta-

ined as previously described (12). Littermates at birth

until weaning, heterozygous DChBcl-2 and wild-type (WT)

controls were either cohoused or single housed depending

on their genotype in individually ventilated cages. Mice

were fed either a control chow diet (CCD) (E157451–347;

ssniff Spezialdi€atten GmbH, Soest, Germany) or a high-

fat diet (HFD) (60% fat and 20% carbohydrates [kcal/kg];

E15742–347; ssniff Spezialdi€atten GmbH) starting at

8 weeks old for 24 weeks. Mice had free access to food

and water. Body composition was assessed by using 7.5-

MHz time domain-nuclear magnetic resonance (LF90II

MiniSpec; Bruker, Rheinstetten, Germany) at 0, 12, and

24 weeks of diet. All procedures involving mice were car-

ried out according to the Guide for the Care and Use of

Laboratory Animals published by the European Commis-

sion Directive 86/609/EEC. All animal studies were

approved by the regional veterinary services of the Paris

police headquarters (agreement number 75-751320) and

by the Biological Services Unit of Sorbonne University.

Oral Glucose Tolerance Test

After 13 weeks of diet, overnight-fasted mice were treated

with an oral gavage glucose load (2 g glucose/kg body wt).

Blood glucose was measured at time 0, 15, 30, 60, and 90

min after the oral glucose load with a glucose meter

(Accu-Chek; Roche, Basel, Switzerland) on blood samples

collected from the tip of the tail vein. Plasma insulin con-

centration was determined using ELISA (Mercodia,

Uppsala, Sweden). HOMA of insulin resistance (HOMA-

IR) index was calculated according to the formula: fasting

insulin (microunits per liter) � fasting glucose (nano-

moles per liter)/22.5.

Insulin Tolerance Test

After 14 weeks of diet, mice were fasted for 6 h, and

blood glucose levels were determined at time 0, 15, 30,

60, and 90 min after an intraperitoneal injection of regu-

lar human insulin (0.75 units/kg body wt; Humulin; Eli

Lilly and Company, Indianapolis, IN).

Adipocyte Size Measurement and Stromal Vascular

Fraction Isolation

The mean adipocyte diameters were determined from epi-

didymal adipose tissue (AT) after 24 weeks of HFD. Epi-

didymal AT was rapidly washed with physiologic saline

and then incubated with collagenase (1 mg/mL; Sigma-

Aldrich, Saint-Quentin-Fallavier, France) in PBS solution

(pH 7.4) at 37�C and further processed for adipocyte size

measurement or cytokine assay of the stromal vascular

fraction (SVF). Mean diameter was defined as the mean

value for the distribution of adipocyte diameters of 150

cells.

Intestinal Paracellular Permeability Test

Intestinal paracellular permeability measurement in vivo

was based on the intestinal permeability to 4,000 Da fluo-

rescent dextran-FITC (Sigma-Aldrich) as detailed in the

Supplementary Material.

Fecal Calorimetry

After 20 weeks of diet, 1 week of feces was collected per

cage of three to four mice each. During the same time,

the food intake was monitored. The feces were dried over-

night at 70�C and weighed. The total energy content of

the feces was determined by bomb calorimetry (C200

bomb calorimeter; IKA, Staufen, Germany). and results

were expressed as kilocalories per day.

Quantification of Fecal Lipocalin-2 and Fecal Albumin

by ELISA

Frozen fecal pellets were reconstituted in PBS containing

0.1% Tween 20 (100 mg/mL) and vortexed for 20 min.

Fecal homogenates were then centrifuged for 10 min at

10,000g and 4�C, and cleared supernatants were stored at

�20�C and further processed through ELISA (Duoset

Murine Lipocalin-2 ELISA kit from R&D Systems, Minne-

apolis, MN; and albumin from Bethyl Laboratories, Mont-

gomery, AL).

Quantification of Fecal Secreted IgA by ELISA

Frozen fecal samples diluted fivefold (w/v) in protease

inhibitor cocktail containing PMSF (5 mmol/L), EDTA

(1 mmol/L), and pepstatin (1 mg/mL; Sigma-Aldrich) were

homogenized, centrifuged for 10 min at 10,000g at 4�C
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to collect supernatants, and further processed through an

ELISA (Supplementary Material).

Fecal Flagellin and Lipopolysaccharide Load

Quantification

We quantified flagellin and lipopolysaccharide (LPS) using

human embryonic kidney (HEK)-Blue-mouse (m)TLR5

and HEK-Blue-mTLR4 cells, respectively (Invivogen, San

Diego, CA). We resuspended fecal material in PBS as men-

tioned above and applied the supernatants to the reporter

cell lines following the manufacturer’s instructions.

Cytokine Secretion Assay

Single-cell suspensions were prepared from mesenteric

lymph nodes (mLNs), small intestine lamina propria

(SILP), and colon lamina propria (CLP) (Supplementary

Material). Single-cell preparations were cultured in com-

plete media (106 cells/mL) for 72 h in anti-CD3/

anti-CD28–precoated (5 mg/mL; BD Biosciences, San

Jose, CA) 96-flat-well plates (BD Biosciences). AT SVF sin-

gle-cell preparation was cultured overnight in complete

media (106 cells/mL). Cytokine secretion of supernatants

was assessed using a Bio-Plex assay (Luminex MAGPIX

Instrument; Bio-Rad Laboratories, Marnes-la-Coquette,

France).

Immunolabeling for Flow Cytometry and Cell Sorting

Single-cell preparations were preincubated with Fc-block-

ing antibody (eBioscience/Thermo Fisher Scientific, Les

Ulis, France) for 20 min at 4�C. Cells were then incubated

for 30 min at 4�C with fixable viability dye eFluor 506

(eBioscience) and further stained for 30 min with anti-

bodies to surface markers (Supplementary Material).

Analysis of Retinaldehyde Dehydrogenase Activity by

Aldefluor Staining

Retinaldehyde dehydrogenase (RALDH) activity in indi-

vidual cells was analyzed using the aldefluor staining kit

(STEMCELL Technologies, Vancouver, British Columbia,

Canada) following the manufacturer’s instructions.

16S rRNA Gene Sequencing and Analysis

Feces were collected at day 0 and 12 weeks after starting

the diet, immediately frozen in liquid nitrogen, and then

stored at �80�C. Fecal DNA was extracted as previously

described (14) (Supplementary Material).

Fecal Microbiota Transplantation

Feces from donor mice were diluted (30–50 mg [1:10 w/v])

and homogenized in reduced sterile Ringer solution (VWR)

containing L-cysteine (0.5 g/L; Sigma-Aldrich) as reducing

agent. This solution was immediately administered to

germ-free (GF) recipients by oral gavage once per week dur-

ing the first 3 weeks of HFD.

Short-Chain Fatty Acid Analysis

Short-chain fatty acids (SCFAs) were measured by gas-liq-

uid chromatography (Supplementary Material).

Microarray Analysis

After FACS, cells were counted and resuspended in TRIzol

lysis reagent (Thermo Fisher Scientific), frozen in liquid

nitrogen, and stored at �80�C. RNA extraction was per-

formed using the RNeasy Micro Kit (Qiagen). Quality and

quantity of RNA extraction were performed using the Bio-

analyzer 2100 RNA 6000 Pico chip assay (Agilent Tech-

nologies). Total RNA (2.5 ng) was reverse-transcribed

following the Ovation Pico WTA System V2 (NuGEN).

cDNA hybridization was performed using the GeneChip

Mouse Gene 2.0 ST (Affymetrix). See Supplementary

Material for further details.

Statistical Analysis

Data are expressed as medians for dot plot or mean and

SD for bar plots. Data were analyzed using Prism version

8.0 for Windows (GraphPad Software, San Diego, CA).

Mann-Whitney test and Kruskal-Wallis test or two-way

ANOVA for multiple comparisons was performed. Results

were considered statistically significant when P was

<0.05; asterisks indicate significant differences (*P <

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001)

between two groups according to statistical analysis

performed.

Data and Resource Availability

All original microarray data were deposited in the National

Center for Biotechnology Information’s Gene Expression

Omnibus database (accession number GSE166899). Unpro-

cessed 16S rRNA gene sequencing data are deposited in the

Genome Sequence Archive in the National Genomics Data

Center, Beijing Institute of Genomics, Chinese Academy of

Sciences, under accession number CRA003914.

RESULTS

DChBcl-2 Mice Demonstrate Resistance to HFD-

Induced Metabolic Alterations

To decipher how DCs orchestrate DIO and metabolic

alterations, we used a mouse model enriched for DCs,

where the antiapoptotic human gene hBcl2 is expressed

under the control of CD11c, a DC-related promoter.

We challenged adult WT and DChBcl-2 mice with a 60%

HFD or CCD. Although there was no difference in weight

between WT and DChBcl-2 mice on CCD, DChBcl-2 mice

gained 10% less weight than WT mice after 12 weeks of

HFD, a difference that reached 15% after 24 weeks of

HFD, when we observed a weight stabilization (Fig. 1A

and B).

Body mass composition analysis during the entirety of

the HFD indicated that despite the same increase in lean

mass (Supplementary Fig. 1A), DChBcl-2 mice gained signifi-

cantly less fat mass than their WT counterparts (Fig. 1C),
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which was associated with reduced adipocyte size (Fig. 1D).
Looking at AT monocytes/macrophages that share the

CD11c marker and that are known to contribute to tumor

necrosis factor-a (TNF-a)–mediated obesity-induced inflammation

and insulin resistance (15,16), we observed no difference

in the percentage and total numbers. Although comple-

mentary analysis of AT inflammatory parameters is

required to conclude on AT inflammation state between

the two groups, we observed no difference in terms of total
SVF-derived TNF-a secretion (Supplementary Fig. 1B–D).

To investigate further the metabolic phenotype, we

looked at glucose metabolism after 13 weeks of HFD, a

current timing described in the literature for the C57BL/

6J mice background (17). Although blood glucose levels

were comparable (Fig. 1E), we observed significant differ-
ences in circulating insulin levels following oral glucose

administration (Fig. 1F). HOMA-IR indicated that

DChBcl-2 mice were significantly more sensitive to insu-

lin than WT mice (Fig. 1G and Supplementary Fig. 1E).

Insulin tolerance test (ITT) confirmed that DChBcl-2 mice

displayed enhanced insulin sensitivity compared with

WT mice (Fig. 1H and I).

We next investigated the DChBcl-2 mice DIO-resistant
phenotype, evaluating their daily energy expenditure.

Daily food intake (Fig. 1J), as well as intestinal absorptive

capacity looking at loss of energy in the feces by bomb

calorimetry, demonstrated no significant differences in

both groups of mice with no difference observed in terms
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monitoring of WT (black circles) and DChBcl-2 (gray circles) at day 0 and 12 and 24 weeks after starting CCD (open circles) or HFD (filled
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epididymal adipose tissue of WT and DChBcl-2 HFD-fed for 24 weeks (N = 7–9 mice/group). Blood glucose (g/L) (E) and insulin (ng/mL) (F)

levels during oral glucose tolerance test after 13 weeks of HFD (N = 10–14 mice/group). G: Insulin resistance index (HOMA-IR) before and

after 14 weeks of HFD (N = 10 to 14 mice/group). H: Blood glucose level (g/L) during an ITT after 14 weeks of HFD (N = 10–14 mice/group).

I: Area under the curve (AUC) of the glucose profile during the ITT (N = 10–14 mice/group). Mean of daily food intake (J) and fecal energy

(K) monitored for 1 week after 12 weeks of HFD. Data are presented as median for dot plots and mean ± SD for others. *P < 0.05; **P <

0.01; ***P< 0.001.

2070 Tolerogenic DCs and Gut Microbiota Diabetes Volume 70, September 2021

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://d

ia
b
e
te

s
jo

u
rn

a
ls

.o
rg

/d
ia

b
e
te

s
/a

rtic
le

-p
d
f/7

0
/9

/2
0
6
7
/6

2
7
7
7
5
/d

b
2
0
1
1
7
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2

https://doi.org/10.2337/figshare.14687523
https://doi.org/10.2337/figshare.14687523


of transit time (Fig. 1K and Supplementary Fig. 1F) and

feces production (Supplementary Fig. 1G). Indirect gas

calorimetry and locomotor activity assessment indicated

that there were no changes between WT and DChBcl-2

mice on HFD (Supplementary Fig. 1H–K).

All of these results suggested that differences in weight

gain, adiposity, and insulin sensitivity in HFD-fed WT

and DChBcl-2 mice occurred, although we observed similar

food intake, caloric intestinal absorptive capacity, and

energy expenditure.

Intestinal Barrier Integrity in DChBcl-2 Mice Is

Associated With Increased CD103+CD11b+ DCs

Long-term interactions between HFD and microbiota have

been shown to be required to promote microbial-derived

metabolic alterations in a chronicled manner (18). We further

evaluated how the IBF, known to be impacted by diet-medi-

ated microbial disturbances, could be involved in the respec-

tive discrepant metabolic phenotypes after 24 weeks of HFD.

We first investigated intestinal permeability parameters and

observed that DChBcl-2 mice displayed a lower increase in par-

acellular intestinal permeability than WT mice (Fig. 2A and

B). Paracellular permeability kinetic study highlighted that

the distal part of the intestine appeared more affected by the

HFD in WT mice compared with DChBcl-2 mice on HFD (Fig.

2B). This was associated with lower fecal albumin levels

(Supplementary Fig. 2A), used as a marker for gut vascular

barrier leakage. We determined how those differences in

intestinal permeability relate to the overall intestinal inflam-

matory tone. We quantified fecal lipocalin-2 (Lcn-2), known
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as an early biomarker for intestinal inflammation (19). Under

HFD, DChBcl-2 mice displayed lower levels of Lcn-2 compared

with WT mice (Fig. 2C).

IBF also comprises fecal secreted IgA (sIgA) that coun-

teracts several antigens to access the intestinal wall (bac-

teria, viruses, food, etc.) (20). Although we observed no

difference on CCD, fecal sIgA titers were 1.8 times higher

in DChBcl-2 than in WT mice on 24 weeks of HFD (Fig. 2D).

All of these results suggested that DChBcl-2 mice dis-

played enhanced IBF compared with WT mice after 24

weeks of HFD.

We further assessed how manipulating DC life span

impacted intestinal DC populations, looking at global

markers and subsets of intestinal DCs by flow cytometry

(Supplementary Fig. 2B). We observed no significant

differences in the percentages and total numbers of

DCs (totDCs) in both SILP and CLP (Supplementary Fig.

2C–F). Based on CD103 and CD11b surface markers dis-

criminating the three subsets of intestinal conventional

DCs (cDCs) (21,22), we found that the SILP and CLP

CD1031CD11b1 cDCs were significantly increased in the

proportion of totDCs in DChBcl-2 compared with WT mice

(Fig. 2E, F, and H). Although we observed no difference in

the SILP (Fig. 2G), total numbers of CD1031CD11b1

cDCs in the CLP were threefold increased in DChBcl-2 mice

relative to WT mice (Fig. 2I). Since hBcl-2 is expressed

under the CD11c promoter also shared by monocytes/

macrophages, we looked at CD641CD11c1MHC class II1

intestinal monocytes/macrophages. We observed no dif-

ference in the percentages and total numbers in both

groups of mice (Supplementary Fig. 2G–J).

Those results demonstrated that the hbcl2 inser-

tion strongly enhanced the CD1031CD11b1 cDC

subpopulation.

One important feature of DCs after antigenic stimuli is

their ability to migrate from the intestinal lamina propria

to the mLNs. After 24 weeks of HFD, we observed a

marked increase in totDCs in both percentage and total

numbers (Fig. 2J and K) in the mLNs of DChBcl-2 mice

compared with WT mice. The CD1031CD11b1 cDC sub-

set in DChBcl-2 mice was even more increased in this com-

partment, representing 4 times more in percentage than

in WT mice and 10 times more in total numbers (Fig. 2L

and M).

These observations highlighted that the maintenance

of DChBcl-2 mice IBF is associated with increased

CD1031CD11b1 cDCs.

hBcl2 Transgene Promotes DC Tolerogenic Properties

With Enhanced RALDH Activity

The first screen of mLN DC subpopulations indicated that

the hBcl2 transgene was significantly more expressed

in the CD1031 DCs than in CD103� DCs regardless of

the diet (Fig. 3A). Among the CD1031 DCs, CD11b1 DCs

were the most enriched in transgenic mice compared with

WT mice (Supplementary Fig. 3A). Therefore, we

performed global transcriptomic analysis on mLN sorted

CD1031CD11b1 DCs in both groups of mice before start-

ing the HFD to avoid any other environmental effect.

Principal component analysis of CD1031CD11b1 gene

sets discriminated the sample genotypes on the high axis

percentages (69.5% and 7.1% for x- and y-axis, respec-

tively), confirming the major impact of the transgene

expression in this cDC subset (Fig. 3B).

Differential expression of genes showed that 2,774

genes discriminated DChBcl-2 and WT samples, with a

marked downregulation of immune-related pathways in

DCs sorted from DChBcl-2 mice (Fig. 3C). Expression of

genes related to the maturation or activation status of

DCs were downregulated in DChBcl-2CD1031CD11b1 DCs

(CXCL2, CD40, CIITA, and CD1D) (Fig. 3D). These results

were confirmed looking at predictive signaling pathways

involved in DC maturation using Ingenuity Pathway Anal-

ysis (Supplementary Fig. 3B). We observed that the trans-

gene may prevent DCs from acquiring antigen sensing

through TLRs 2/3/4/9, antigen-presenting properties

through MHC class II/I or cell adhesion markers, such

as the intercellular adhesion molecule 1 (ICAM1), as well

as markers for costimulation of adaptive immune cells

(CD40/CD86) (Supplementary Fig. 3B). Functionally, the

immaturity of DCs relates to their inability to mount

proinflammatory responses after stimulation (23). The

immature status of transgenic-sorted DCs was in line

with a downregulation of immune-related inflammatory

signaling pathways such as nuclear factor k-light-chain

enhancer of activated B-cell pathway (nuclear factor-kB,

TANK, and NFKB2) and STAT pathways (STAT1, 2, and

4) (Fig. 3D and Supplementary Fig. 3B). This global down-

regulation of proinflammatory responses was associated

with a decreased capacity for proinflammatory cytokines

release, such as TNF-a, interferon-g, and interleukin-15

(IL-15) (Fig. 3D and Supplementary Fig. 3B).

All of these results strongly suggest that the hBcl2

transgene prompted CD1031CD11b1 DCs to keep an

immature phenotype, altering their capacity to elicit the

proinflammatory immune responses.

The immature immune stage in DCs has been associ-

ated with increased tolerogenic capacity (23,24). Expres-

sion levels of gene-sustaining tolerogenic functions, such

as Cd101, Socs1, Hif1-a, as well as Aldh2, were upregulated

in DChBcl-2CD1031CD11b1 DCs compared with WT (Fig.

3D).

Since the tolerogenic ability of mucosal DCs has been

related to their capacity to process vitamin A into retinoic

acid through the enzymatic activity of RALDHs (25), we

next analyzed this function (Supplementary Fig. 3C). We

observed enhanced RALDH activity (aldefluor-positive

[ALD1] cells) in CD1031CD11b1 DC subpopulations iso-

lated from mLNs of DChBcl-2 mice. ALD1 cells represented

nearly a threefold increase in percentage among CD1031

CD11b1 cells, relative to WT mice, that resulted in a
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13-fold increase in cDC CD1031CD11b1ALD1 total cell

numbers (Fig. 3E and Supplementary Fig. 3D).

We next wondered how this DC function was impacted

upon HFD, and we observed no impact of the diet on

the RALDH activity in both groups, with DChBcl-2 mice

significantly harboring their higher rate of RALDH activ-

ity (Fig. 3F and Supplementary Fig. 3E). Studies have

highlighted the importance of DCs RALDH activity in

mouse models of colitis and in patients with inflamma-

tory bowel disease (26,27). They demonstrated that upon

inflammation, tolerogenic DCs were losing their RALDH

activity, promoting the subsequent loop of chronic

inflammation. Although we observed no difference in

intestinal RALDH activity in the SILP (data not shown),

DC RALDH activity was significantly decreased in the

colon of HFD-fed WT mice compared with CCD-fed WT

(Fig. 3G). On the contrary, DChBcl-2 mice maintained their

RALDH activity (Fig. 3G and Supplementary Fig. 3F). We

did not observe any effect of the hBcl-2 transgene on

monocytes/macrophages’ colonic RALDH activity regard-

less of diet, demonstrating that the hBcl-2 transgene tar-

geted particularly DCs’ tolerogenic RALDH activity (Fig.

3H and Supplementary Fig. 3G).

Those results indicated that modulating DCs through

hBcl2 insertion promotes tolerogenic DC function with

increased capacity to process vitamin A through RALDH

activity.

Tolerogenic DCs Strongly Impact Colonic Adaptive

Immunity in the Context of DIO

The important role of DCs in shaping the appropriate

immune responses through adaptive immune system acti-

vation has been widely documented (22,28). After 24

weeks of HFD, we observed no significant differences in

the percentages and total numbers of T and B lympho-

cytes in the mLNs of both groups of mice (Supplementary

Fig. 4A–C and data not shown). Focusing on Th subsets,

we detected significantly higher proportions and total
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numbers of CD41IL-171 cells (Th17) as well as signifi-

cantly higher total numbers of CD41Foxp31 (regulatory

T [Treg] cells) in the mLNs of DChBcl-2 compared with WT

mice (Fig. 4A and B and Supplementary Fig. 4D–F). In the

same compartment, we also observed significantly higher

percentages and total numbers of CD19�sIgA1 plasma-

blasts in DChBcl-2 mice (Fig. 4C and D).

Altogether, these results demonstrated that a higher

number of tolerogenic CD1031CD11b1 cDCs were associ-

ated with enhanced priming of Th17, Treg, and sIgA1 B-

cell responses in DChBcl-2 after 24 weeks of HFD.

We next assessed where those adaptive immune

responses established throughout the intestinal compart-

ment. We observed no significant differences in CD41 T-

cell responses or sIgA1 B-cell responses in the SILP com-

partment (Supplementary Fig. 4G and H). Conversely, we

observed a marked and significant skewing toward Th17

responses in the CLP of DChBcl-2 mice upon HFD. While

Th1 cells were the predominant T-cell population in the

CLP of WT mice, Th17 cells represented 60% of the total

CD41 T cells in DChBcl-2 mice (Fig. 4A). DChBcl-2 mice

Th17 colonic responses displayed a 4-fold increase in per-

centage and a 10-fold increase in total number relative to

WT mice (Fig. 4E and F). Cellular ex vivo experiments

with a nonspecific T-cell receptor stimulation confirmed

that colonic T cells isolated from DChBcl-2 mice displayed a

higher capacity to secrete IL-17 than those from WT mice

(Fig. 4G). CD1031CD11b1 cDCs have been shown to pro-

mote Th17 differentiation through IL-6 secretion, a

capacity that appeared impaired on HFD (4,29). IL-17

secretions and IL-6 levels correlated positively, suggesting

a potent mechanism involving an increased capacity of

DChBcl-2-derived DCs to produce IL-6 (Fig. 4H). Despite

equivalent levels of CD41Foxp31 Treg cells, ex vivo–
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stimulated colonic T cells isolated from DChBcl-2 mice

secreted higher levels of IL-10 (Fig. 4I and J). Th17 and

Treg cell responses that established in the colon of

DChBcl-2 mice were associated with a significant increase

in the percentage and the total number of CD19�sIgA1

plasmablasts (Fig. 4K and L).

Altogether, those results suggested that on HFD,

increased tolerogenic DCs strongly impact the colonic

immunity through enhanced Th17, Treg, and sIgA1 B-cell

responses.

DChBcl-2 Intestinal Microbiota Displays Lower

Inflammatory Signatures After DIO

The immune system strongly influences intestinal micro-

biota composition that, in turn, is a major determinant of

the metabolic response to HFD (30,31). We wondered how

the strong colonic immunological differences observed

could impact the intestinal microbiota. We analyzed the

fecal microbiota of WT and DChBcl-2 mice by 16S rRNA

gene sequencing before and after 12 weeks of HFD chal-

lenge, just before we observed differences in glucose metab-

olism. 16S rRNA gene analyses first indicated that the fecal

microbiota of WT and DChBcl-2 mice were not distinguish-

able before starting the diet (Fig. 5A and B). Conversely, we

observed marked differences in WT and DChBcl-2 microbiota

after 12 weeks of HFD (Fig. 5C and D). Linear discriminant

analysis (LDA) effect size (LEfSe) revealed that specific taxa

were enriched in either the microbiota of WT or the

DChBcl-2 mice. WT mice harbored enrichment of the Epsilon-

proteobacteria family members, whereas the Mogibacteria-

ceae members appeared increased in DChBcl-2 mice (Fig. 5E

and F). Those results demonstrated that upon HFD,
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microbiota composition has differentially shifted on HFD

in the two groups of mice.

Epsilonproteobacteria are members of Gram-negative

bacteria. Their motility as well as their LPS, major compo-

nents of their outer membrane, could trigger proinflam-

matory immunoreactivity. Since long-term interactions

between diet and microbiota have been shown to elicit

microbiota-derived host metabolic dysregulations (18), we

assessed the immunogenic properties of each type of

microbiota through the quantification of fecal bioactive

LPS and flagellin (FliC), after 24 weeks of HFD, when

the discrepant body mass compositions stabilized in each

group. Upon HFD, DChBbcl-2 mice displayed a lower

amount of both fecal bioactive LPS and FliC, and this was

more particularly statistically significant for the bioactive

LPS (Fig. 5G and H).

Pattern recognition receptor–independent signals can

also orientate DC function, and bacterial fermentation

products have been shown to participate in the immuno-

regulatory function of DCs, contributing to intestinal

immune tolerance and intestinal homeostasis (32). We

quantified fecal SCFAs using gas-liquid chromatography.

Although we observed no significant differences in the

amount of total fecal SCFA concentration (Fig. 5I), DChBcl-2

harbored particular SCFA profiles with a marked enrich-

ment in fecal butyrate concentration, representing 2.3-fold

increased levels relatively to WT mice (Fig. 5J).

Altogether, those results demonstrated that under

HFD, DChBcl-2 microbiota behave differently in terms of

bacterial composition and functions, leading to less

immunogenicity as well as sustained immune tolerance.

DChBcl-2 Intestinal Microbiota Drives Resistance to

HFD-Induced Metabolic Alterations

Horizontal transmission of the microbiota by cohousing

different mouse populations has been shown to nearly

normalize the fecal microbiota later on, especially when

starting at weaning period when the introduction of solid

food strongly modified the microbiota composition (33).

To unravel the respective role of WT and DChBcl-2 micro-

biota in modulating their metabolic phenotype, we first

compared HFD-treated cohoused WT (WT CoH) and

DChBcl-2 (DCh CoH) mice versus single-housed WT or sin-

gle-housed DChBcl-2 mice. Looking at body mass composi-

tion after 24 weeks of HFD, we observed that cohousing

transmitted the DIO-resistant phenotype to WT mice

(Supplementary Fig. 5A–D).

To assess whether the microbiota was driving the HFD-

resistant DChBcl-2 phenotype, we transferred fecal micro-

biota from both groups of mice into GF recipients. We col-

onized 8-week-old GF recipients with the microbiota of 24

weeks of HFD-fed WT and DChBcl-2 (Supplementary Fig.

5E). We strikingly observed that recipient mice followed

the same kinetic of body mass composition evolution as

the donors. Indeed, 24 weeks after starting the diet,

DChBcl-2 microbiota recipient mice (i.e., FT-DChBcl-2) gained

significantly less weight than WT microbiota recipient mice

(i.e., FT-WT) (39.2 ± 3.9 g and 44.2 ± 3.9 g, respectively)

(Fig. 6A). We observed that although mice developed the

same lean mass (Supplementary Fig. 5F), FT-DChBcl-2 mice

displayed significantly lower adiposity than FT-WT mice

(10.7 ± 2.3 g and 15.6 ± 3.2 g, respectively) (Fig. 6B).

We further investigated glucose metabolism and

observed marked differences in insulin sensitivity. FT-

DChBcl-2 recipient mice had a significantly lower HOMA-IR

index than FT-WT mice (1.6 ± 0.8 and 2.9 ± 0.6, respec-

tively) (Fig. 6C). As monitored in donors, we never

observed any variations in food intake in the recipient

groups (Fig. 6D).

Those results were in line with cohousing experiments

and demonstrated that DChBcl-2 microbiota by itself was

able to drive the HFD-resistant phenotype. This overall

demonstrated that DChBcl-2 tolerogenic DCs are shaping a

transmissible DIO-protective intestinal microbiota.

We next assessed whether the immunogenic properties

of each type of microbiota have been transmitted through

fecal transplantation. FT-DChBcl-2 recipient mice displayed

a significant lower amount of both fecal bioactive LPS

and FliC (Fig. 6E and F). We quantified cecal SCFA

(Supplementary Fig. 5G) and observed that FT-DChBcl-2

recipients harbored a significant enrichment in cecal buty-

rate concentration, representing 1.6-fold increased levels

compared to FT-WT recipients (Fig. 6G). We wondered if

those discrepant microbial properties transferred from

donors to recipient mice have impacted intestinal perme-

ability by looking at fecal albumin content. We observed a

threefold increase in fecal albumin content in FT-WT

mice relative to FT-DChBcl-2 mice (Fig. 6H). After 24 weeks

of HFD, FT-DChBcl-2 recipients demonstrated a lower level

of fecal Lcn-2 than FT-WT recipients, arguing for a lower

intestinal inflammatory tone (Fig. 6I).

Altogether, those results demonstrated that an increase

in tolerogenic DCs is associated with a DIO-resistant

microbiota that is sufficient to drive by itself the DIO-

resistant phenotype. This transmissible DIO-resistant

microbiota is characterized by less immunogenicity

and enhanced butyrate-producing capability related to

decreased intestinal inflammatory tone (Fig. 7).

DISCUSSION

The Bcl-2–regulated apoptosis pathway has been shown

to act as a molecular regulator of both DC life span and

immunogenicity (11,12,34,35). The functional importance

of this survival pathway tested in vivo revealed that Bcl-2

regulates the accumulation of DCs associated with

enhanced T-cell activation, which, in turn, enables resis-

tance to lethal septic shock in mice (12). Here, we ques-

tioned what could be the impact of such DC-mediated Th

polarization in the context of HFD-induced metabolic

endotoxemia, where LPS is playing a central role in driv-

ing the deleterious metabolic effect (36,37). The DChBcl-2

DIO-resistant phenotype depicted healthier indexes of
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IBF together with a lower inflammatory tone. Since

CD11c is not a DC-restrictive promoter, we might have

expected the same impact of the hBcl-2 transgene

on both monocytes/macrophages and DCs populations.

Although we observed a minor impact on monocyte/

macrophage populations, a deeper characterization of

these cells would be necessary to ascertain their possible

role. However, since it has been shown that, depending

on the immune cell type, different antiapoptotic BCL-2

family members could be required for survival pathway

(38,39), we might expect that a strategy that targets bcl2

could differentially affect the different CD11c-bearing

immune cells. Indeed, we observed that the hBcl-2 trans-

gene

was affecting not all DCs but more particularly a cDC sub-

set, since we observed a marked enrichment toward

CD1031CD11b1 cDCs. This enrichment, especially in the

colon of DChBcl-2 mice, is of particular interest since the

same CD1031CD11b1 cDCs subset has been recently

shown to be reduced in the colon upon HFD (40).

Although we did not observe any change in AT and intes-

tinal monocyte/macrophage populations, we cannot

exclude residual impact in particular subsets as well as in

other compartments that we did not investigate in our

study. Additional experiments are needed to clearly dem-

onstrate these aspects.

Nevertheless, the accumulation of CD1031CD11b1

cDCs observed in the intestinal compartment of DChBcl-2

mice is particularly interesting since this subpopulation

High immunogenicity

Low butyrate producers

Low immunogenicity

High butyrate producers

Tolerogenic DC

Maintenance of 

RALDH ac�vity

DIO-resistant microbiota DIO-sensible microbiota

Gut homing of primed 

sIgA+ B cells

Th17 cells

Treg cells

Inflammatory DCs

Decrease of 

RALDH ac�vity

Gut homing of primed

Th1 cells

Gut epithelium

Figure 7—Scheme representing how tolerogenic DCs sustain the

DIO-resistant microbiota characterized by lower immunogenicity

and enhanced butyrate production.
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Figure 6—DChBcl-2 gut microbiota triggers the DIO-resistant phenotype. A: Body weight monitoring of WT-microbiota recipients (FT-WT)

and DChBcl-2-microbiota recipients (FT-DChBcl-2) at day 0 and 12 and 24 weeks after both fecal microbial transplant (FT) and starting the

HFD. B: Fat mass gain at day 0 and 12 and 24 weeks after both FT and HFD. C: Insulin resistance index (HOMA-IR) after 12 weeks of both

FT and HFD. D: Mean of daily food intake of individually housed mice monitored for 1 week after 12 weeks of both FT and HFD. Fecal bio-

active LPS (E) and FliC (F) load after 24 weeks of both FT and HFD. G: Cecal butyrate concentration after 24 weeks of both FT and HFD.

Albumin (H) and Lcn-2 (I) levels in the feces after 24 weeks of both FT and HFD. Data are presented as median for dot plots. *P < 0.05;

**P< 0.01; ***P< 0.001.

diabetes.diabetesjournals.org L�ecuyer and Associates 2077

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://d

ia
b
e
te

s
jo

u
rn

a
ls

.o
rg

/d
ia

b
e
te

s
/a

rtic
le

-p
d
f/7

0
/9

/2
0
6
7
/6

2
7
7
7
5
/d

b
2
0
1
1
7
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2



has been shown to induce the differentiation of Th17

cells in the gut at steady state (29), and we indeed

observed a strong colonic Th17 polarization in the intesti-

nal draining lymph nodes as well as in the CLP of DChBcl-2

compared with WT mice. Previous studies have shown

that DIO triggers an increase of intestinal Th1 immune

response associated with a decrease of intestinal Th17

response (3,4,41). In Garidou et al. (4) and Hong et al.

(41), the authors even demonstrated the important

role of intestinal Th17 cells in mediating DIO resistance.

Our data are in line with what has been published, rein-

forcing the hypothesis that intestinal Th17 responses

play a major role in counteracting DIO and metabolic

alterations.

The mechanism by which intestinal Th17 responses are

decreased in DIO is still questioned. One possible expla-

nation could be a lack of a proper antigen stimulation of

T cells by APCs (4,41). Indeed, it has been reported that

after 3 weeks of HFD, intestinal APCs’ ability to prompt

Th17 differentiation is reduced (4). Since DCs are mainly

involved in this process, we investigated how the hBcl-

2–targeted CD1031CD11b1 cDCs subpopulation may

have induced Th17 polarization. We found out that

RALDH tolerogenic DC function, converting the vitamin

A into retinoic acid, is increased in DChBcl-2 mice relative

to WT mice. The importance of such DC tolerogenic activ-

ity has been previously demonstrated at steady state

(42–45). In a context of inflammation and, more pre-

cisely, in the colon of patients with ulcerative colitis, the

RALDH DCs activity is impaired (27). In the context of

HFD, a vitamin A–deficient diet worsens the metabolic

phenotype and is associated with a more severe decrease

of intestinal Th17 cells (41). The overall enhanced tolero-

genic DC activity in the intestinal compartment, including

draining lymph nodes, could explain the discrepant intes-

tinal adaptive immunity that established in DChBcl-2 and

WT mice. Indeed Treg, Th17, and sIgA1 B cells, all

increased in DChBcl-2 compared with WT mice, are major

components of intestinal homeostasis (46). Understand-

ing how Bcl-2 survival pathway translates into increased

tolerogenic cDCs needs further investigation, but Hif1-a

is one interesting candidate revealed through our tran-

scriptomic analysis. This molecular regulator that could

be stabilized by Bcl-2 (47) has been shown to sustain DC

tolerogenic function and associated Treg cell expansion

(48).
Several research groups demonstrated how the adap-

tive immunity is impacting the systemic metabolism

through intestinal microbiota modulations (4,5,41).

Th17-mediated DIO resistance involves their ability to

control microbiota composition (4,41). We demonstrated

here, through cohousing and fecal microbiota transplanta-

tion approaches, that DChBcl-2 microbiota is sufficient to

transmit the DIO-resistance phenotype. Analysis of fecal

microbial composition revealed that WT mice depicted an

enrichment toward the Epsilonproteobacteria members

under HFD. Those Gram-negative bacteria represent an

important source of immunogenic LPS, known to trigger

metabolic endotoxemia (36). The respective microbial

immunogenic property was confirmed by looking at the

fecal load of bioactive LPS, which was increased in the

WT fecal microbiota compared with DChBcl-2. This particu-

lar immunogenic trait of DIO-sensible WT microbiota was

transmitted to the recipients, suggesting that such a dis-

crepant immunogenic load of fecal LPS plays a role in the

different phenotypes resulting from DIO treatment.
Another interesting bacterial component increased in

DIO-resistant DChBcl-2 mice compared with WT mice is

butyrate, an SCFA involved in many metabolic processes,

promoting host fitness and shaping the intestinal

immune system (32,49,50). Although butyrate has been

related to impact feeding behavior and/or energy expendi-

ture, we never noticed any differences in term of food

intake or any other parameters using metabolic cages.

The increased butyrate content could sustain the immu-

noregulatory responses that were enhanced in DIO-resis-

tant DChBcl-2 mice. Several researchers have indeed

highlighted the important role of butyrate in downregu-

lating the expression of proinflammatory immune

responses as well as promoting immunoregulatory ones

(51,52). DChBcl-2 mice harbored increased polarization of

Treg cells in their gut draining lymph nodes, and HFD-

treated DChBcl-2 colonic Treg cells displayed an enhanced

capacity to produce IL-10 compared with WT mice.

Another potent mechanism of a butyrate-mediated immu-

noregulatory process could have directly impacted the

local tolerogenic capacity of DCs, which in turn have been

shown to sustain Treg cell activity (53). It has been more

particularly demonstrated that butyrate-conditioned

human DCs are able to prime Treg cells through the

induction of RALDH function (9). This latter observation

overall reinforces the importance of RALDH tolerogenic

DC function and demonstrates how microbial-derived

metabolites may sustain these DC-mediated immunoregu-

latory activities. Furthermore, with the observation that

butyrate was also increased in the FT-DChBcl-2 recipients,

our results strongly suggest that such discrepant micro-

biota compositions and functions can trigger metabolic

phenotype, even in the absence of the transgene.
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