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Abstract

Aging in humans is associated with increased hyperglycemia and insulin resistance (collectively 

termed IR) and dysregulation of the immune system. However, the causative factors underlying 

their association remain unknown. Here, using “healthy” aged mice and macaques, we found that 

IR was induced by activated innate 4–1BBL+ B1a cells. These cells (also known as 4BL cells) 

accumulated in aging in response to changes in gut commensals and a decrease in beneficial 

metabolites such as butyrate. We found evidence suggesting that loss of the commensal bacterium 

Akkermansia muciniphila impaired intestinal integrity, causing leakage of bacterial products such 

as endotoxin, which activated CCR2+ monocytes when butyrate was decreased. Upon infiltration 

into the omentum, CCR2+ monocytes converted B1a cells into 4BL cells, which, in turn, induced 

IR by expressing 4–1BBL, presumably to trigger 4–1BB receptor signaling as in obesity-induced 

metabolic disorders. This pathway and IR were reversible, as supplementation with either A. 

muciniphila or the antibiotic enrofloxacin, which increased the abundance of A. muciniphila, 

restored normal insulin response in aged mice and macaques. In addition, treatment with butyrate 

or antibodies that depleted CCR2+ monocytes or 4BL cells had the same effect on IR. These 

results underscore the pathological function of B1a cells and suggest that the microbiome–

monocyte–B cell axis could potentially be targeted to reverse age-associated IR.

INTRODUCTION

Aging is associated with chronic inflammation, a hallmark of and a risk factor for the 

development of age-associated pathologies such as hyperglycemia and insulin resistance 

(collectively termed IR) (1). Although the cause of chronic inflammation remains poorly 

understood, an emerging concept implicates gut microbiota (2) whose compositional change 

can lead to gut leakiness and subsequent activation of innate immune responses (3). The 

ratio of proinflammatory to beneficial commensals can become increased in the fecal 

microbial community of the elderly and particularly in frail individuals (4–6). In recent 

independent studies of Italian centenarians (4) and long- living Chinese individuals (5), 

longevity inversely correlated with the alpha diversity of fecal microbiota and positively 

associated with the abundance of beneficial commensals (such as Clostridium cluster XIVa, 

Ruminococcaceae, and Akkermansia) that metabolize fibers into short- chain fatty acids 

(SCFAs; such as acetate, propionate, and butyrate). The reduction of SCFAs can lead to loss 

of intestinal integrity (7) because it provides energy and induces oxygen consumption of 

colonocytes (8). As an inhibitor of Toll-like receptor 4 (TLR4) signaling (9) and histone 

deacetylases (10), a decrease in butyrate in the intestine also allows microbes and microbial 

products to efficiently activate the production of proinflammatory cytokines and chemokines 

in myeloid cells (11). Akkermansia muciniphila is a Gram-negative anaerobic bacterium that 

induces the mucin production necessary for intestinal integrity and potentially for the 

support of other beneficial commensals. Its predicted outer membrane protein Amuc_1100* 
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has been shown to improve gut barrier function and metabolic endotoxemia in mice with 

diet-induced obesity by stimulating TLR2 (12). Correspondingly, the loss of A. muciniphila 

associates with poor fitness and increased frailty due to gut dysbiosis and leakiness, which 

ultimately results in endotoxemia and a mild proinflammatory state with elevated levels of 

interferons (IFNs), tumor necrosis factor–α (TNFα), interleukin-6 (IL-6), and IL-1 (4–6, 13, 

14).

The immune system is also substantially dysregulated in aging. Bone marrow hematopoiesis 

becomes skewed to myelopoiesis (15), and peripheral sites accumulate activated innate 

immune cells including monocytes and macrophages expressing TNFα and IFN-γ (13, 14). 

Reduced bone marrow lymphopoiesis and lifelong antigenic exposure increase the frequency 

of mature and memory lymphocytes (16), which exhibit exhausted and overactivated 

phenotypes, such as aging-associated B cells in mice (17, 18) and highly differentiated 

CD45RA+CD8+ CD28− T cells in humans (16). We previously reported that aged humans, 

primates, and mice accumulate innate B1a B cells expressing 4–1BBL, TNFα, and major 

histocompatibility complex class I cells (termed 4BL cells) by using an unknown subset of 

CD11b+ phagocytic mononuclear cells that express 4–1BB, CD40, and IFN-γ (19, 20). 

However, although 4BL cells induce the generation of potentially autoimmune granzyme 

(GrB)+ CD8+ T cells (19, 20), the clinical relevance of these findings and the nature of the 

inducer myeloid cells remain unknown.

Here, to understand the IR increase in elderly humans and the accumulation of 4BL cells in 

aging, we sought to determine whether the two could be linked by a common cause, the gut 

microbiota. Because 4BL cells highly express 4–1BBL and TNFα, factors implicated in 

obesity-induced adipose inflammation and metabolic disorders (21), we hypothesized that 

4BL cells induced IR in aging. We found that a reduction of beneficial commensal gut 

microbiota and their metabolites, such as butyrate, induced the generation of 4BL cells, 

which subsequently promoted IR in aged mice and macaques. Mechanistically, the process 

was initiated by the loss of A. muciniphila, resulting in gut leakiness in aged mice. When 

butyrate was reduced in the gut and subsequently in the peritoneal cavity (PeC), the leaked 

microbial inflammatory stimuli activated CCR2+ monocytes, which, upon infiltration into 

the omentum, converted B1a cells into 4BL cells. This resulted in impaired insulin signaling 

in peripheral tissues. Overall, we link IR in aging to 4BL cells and show that this pathology 

is reversible in mice and macaques, as it can be eliminated by targeting the upstream factors 

that cause 4BL cell induction.

RESULTS

Monocytes in aging mice induce 4BL cells

We previously reported that the conversion of B1a cells into 4BL cells in the PeC of aged 

mice is mediated by granulocyte-depleted phagocytic CD11b+ myeloid cells (20). Because 

myeloid cells consist of macrophages (CD11c−F4/80HiCD11bHi), dendritic cells 

(F4/80−CD11C+CD11b+), and monocytes (F4/80−/Lo CD11C−/LoLy6C+CD11b+, which 

mostly comprise bone marrow–derived CCR2+Ly6CHi monocytes and early- activated 

monocyte-derived macrophages (22), we used flow cytometry to analyze these cells in the 

PeC of 8- to 20-week-old and 18- to 24-month-old female C57BL/6 mice (respectively 
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designated young and aged mice; fig. S1A). Compared with young mice, aged mice were 

markedly enriched in monocytes and dendritic cells and depleted in macrophages (in terms 

of both numbers and frequency; Fig. 1, A to D, and fig. S1, B to E). In particular, aged mice 

had increased monocytes expressing CCR2 (Fig. 1E), and all three factors known to induce 

4BL cells (IFN-γ, 4–1BB, and CD40L; Fig. 1, F to H) (19, 20). In contrast, dendritic cells 

only moderately expressed 4–1BB and CD40L, whereas macrophages did not express any of 

these factors (fig. S1, F and G). Compared to dendritic cells and macrophages, only 

monocytes profoundly up-regulated expression of 4–1BB and other inflammation-associated 

genes in aging (Fig. 1I and fig. S1, H and I). Also, in an in vitro 4BL cell conversion assay 

(20), only monocytes, but not dendritic cells and macrophages, induced the expression of 4–

1BBL and mTNFα in B1a cells after overnight coculture (Fig. 1, J to L). Hence, by 

accumulating activated monocytes, aging converted B1a cells into 4BL cells.

The conversion of B1a to 4BL cells occurs in the omentum

Compared with young mice, CCL2 and CXCL13 were markedly increased in the PeC lavage 

of aged mice (fig. S2A). Because these chemokines recruit CCR2+ myeloid cells and B1a 

cells in inflamed and aged omentum (23, 24), we tested whether this is the site of the 4BL 

cell conversion. Quantification of 4–1BBL+ B cells in multiple sites where B1 cells 

infiltrate, such as omentum, Peyer’s patches, and mesenteric lymph nodes (25–27), revealed 

that only aged omentum was predominantly enriched in 4–1BBL+ B1a cells (Fig. 2A and 

fig. S2, B to D). Monocytes were also increased in omentum (fig. S2E) and were colocalized 

with B cells and, importantly, with 4–1BBL+ B cells in whole-mount immunofluorescence 

staining (Fig. 2B). To further validate this result, we transferred bone marrow CD45.1+ 

monocytes and PeC green fluorescent protein–positive (GFP+) B1 cells of young mice into 

CD45.2+ young or aged mice via tail vein injection. After 2 days, higher numbers of donor 

monocytes and B1 cells were found in aged omentum and PeC as compared with young 

mice (fig. S2, F and G). To test whether this increase facilitated the 4BL cell conversion, we 

in vitro stimulated eFluor450+ B1 cells from young mice with omentum isolated from either 

young or aged mice. After overnight coculture, only aged omentum up-regulated 4–1BBL in 

eFluor450+ B1 cells (Fig. 2C). To link the 4BL cell conversion to CCR2+ monocytes, we 

treated aged mice with either MC21 antibody (Ab), which depletes CCR2+ monocytes (28), 

or control MC67 Ab for 10 to 14 days. Mice were then adoptively transferred with GFP+ 

B1a cells from young mice, and 6 days later, host and donor cells were quantified. As 

expected, host 4BL cells and monocytes (Fig. 2D and fig. S2H) and donor 4–1BBL+ GFP+ 

B1a cells were markedly increased in the omentum and PeC of control mice (Fig. 2E). 

However, this increase of host and donor cells was markedly reversed in aged mice treated 

with MC21 Ab (Fig. 2, D and E, and fig. S2H). In sum, these results indicate that aging 

omentum may be the site where CCR2+ monocytes convert B1a cells into 4BL cells.

Commensal bacteria in aged mice initiate 4BL cell conversion

The PeC lavage of aged mice also contained high concentrations of inflammatory factors 

such as lipocalin (fig. S2A). As lipocalin is often induced by bacterial gut leakage (29), we 

hypothesized that commensal bacteria may initiate 4BL cell induction in aged mice. To test 

this possibility, we treated young and aged mice with enrofloxacin [a broad-spectrum 

antibiotic (Abx)] in drinking water for 16 weeks. The accumulation of monocytes, 4BL 
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cells, and their downstream GrB+CD8+ T cells in PeC and omentum in control saline-treated 

aged mice was abolished in the Abx-treated aged mice (Fig. 3, A to E). We repeated the 

experiment, and then 2 days after cessation of Abx treatment, mice were transferred with 

GFP+ B1 cells from young mice. Consistent with the loss of monocytes (Fig. 3D), the 4BL 

cell conversion of donor GFP+ B1 cells was abolished in the aged mice treated with Abx 

(Fig. 3F and fig. S2I). To confirm this result, we performed an in vitro 4BL conversion assay 

by stimulating splenic or PeC eFluor450+ B1a cells from young mice overnight with PeC 

Lin−CD11b+ myeloid cells from young or aged mice previously treated with water or Abx. 

Although myeloid cells from aged mice efficiently converted 4BL cells, myeloid cells from 

Abx-treated aged mice or young mice failed to do so (Fig. 3G and fig. S2J). Hence, Abx 

impairs the generation of 4BL cells in a monocyte-dependent fashion.

Consistent with the accumulation of 4BL cells in aging humans and primates (19, 20), we 

observed that the peripheral blood of aged macaques and squirrel monkeys was markedly 

enriched in 4BL cells (fig. S3, A and B), suggesting that this enrichment might also be 

reversible by Abx. We therefore treated aged macaques with enrofloxacin for 2 months (n = 

7 to 8 per group). Abx treatment decreased 4BL and GrB+CD8+ T cells (Fig. 3H and fig. 

S3C). To link this result to monocytes, young macaque peripheral blood B cells were 

stimulated overnight with peripheral blood monocytes from young, aged, or Abx-treated 

aged macaques. Only monocytes from aged, but not Abx-treated aged or young macaques, 

readily converted 4BL cells (Fig. 3I). In sum, enrofloxacin abrogated monocyte-mediated 

4BL cell conversion in aged mice and primates, presumably by eliminating their inducer 

bacteria.

Aging increases microbial dysbiosis

Because gut microbiota dysbiosis can increase in aging (2, 3), we tested whether dysbiosis 

caused the 4BL cell conversion. First, we performed cross-sectional 16S ribosomal RNA 

(rRNA) gene sequencing of fecal microbiota from young and aged mice after 3 months of 

mock or Abx treatment. Microbial communities of aged and young mice differed markedly 

(P ≤ 1 × 10−3 for all group comparisons; fig. S4, A to C). Compared to young mice, 

microbiota alpha diversity was reduced in aged and Abx-treated groups (fig. S4D), and aged 

mice were markedly enriched in the proinflammatory phylum Firmicutes and decreased in 

the genus Bacteroides (fig. S4, E and F). Aged mice also had an increased abundance of the 

genera Parabacteroides and Saccharofermentans, as well as unassigned genera within the 

family Lachnospiraceae (Fig. 4A). Furthermore, aged mice showed reduced potentially 

beneficial commensals, including A. muciniphila (30) and butyrate producers of the 

Firmicutes phylum (31–33) such as Intestinimonas butyriciproducens, Faecalibacterium 

prausnitzii and Roseburia faecis of Clostridium cluster IV, and Anaerostipes butyraticus of 

Clostridium cluster XIVa (Fig. 4A, fig. S4F, and table S1). Because these results can be 

affected by external factors, we sequenced fecal microbiota from additional C57BL/6 mice 

purchased from two different vendors (the Jackson Laboratory and Charles River 

Laboratories). Compared to young mice, A. muciniphila and Clostridium cluster IV were 

again reduced in both cohorts of aged mice (fig. S4, G and H). The abundance of A. 

muciniphila (herein denoted as Akk) inversely correlated with 4BL cells in both PeC and 

spleen (Fig. 4B and fig. S5A).
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To evaluate the functional consequence of this change, we gavaged adult germ-free mice 

with fecal suspensions from aged or young mice housed in a standard pathogen-free (SPF) 

facility. After 1 month, quantitative polymerase chain reaction (qPCR) analysis confirmed 

that the gavaged mice were successfully colonized (fig. S5B). Fecal suspensions from both 

aged and young mice showed comparably induced IL-10+ and IL-17+ CD4+ T cells in the 

germ-free mice (fig. S5, C and D), implying that their induction is independent of the age of 

the microbiota’s host. In contrast, only fecal suspension from aged mice increased 4BL cells 

and monocytes in the omentum/PeC of germ- free mice (Fig. 4C and fig. S5E), implying that 

aging gut microbiota causes the 4BL cell conversion.

The loss of Akk increases gut leakiness and induces 4BL cells

The 4BL cell increase in germ-free mice after fecal transfer inversely associated with the 

acquisition of Akk as in parental SPF mice. qPCR and sequencing analyses failed to detect 

Akk in germ-free mice transplanted with fecal suspension from aged mice, whereas Akk 

was increased in mice gavaged with feces from young mice (fig. S5B, F and G). Because 

Akk protects the intestinal integrity via mucus support and activation of intestinal epithelial 

cells (12, 30, 34), its reduction in aging is expected to increase gut leakiness and thus the 

inflammation that activates monocytes. To test this possibility, we compared the intestinal 

mucus layer in young and aged SPF mice and found that the colonic inner mucus width was 

decreased in aged mice (Fig. 4D). To directly test gut leakage, we orally gavaged aged and 

young mice with fluorescein isothiocyanate–dextran (FITC-dextran; 3 to 5 kDa). After 4 

hours, FITC-dextran was increased in the plasma of aged compared to young mice (Fig. 4E), 

consistent with impaired intestinal permeability in murine aging (35). We also measured 

serum endotoxin and confirmed that it was increased in the sera of aged mice (Fig. 4F). 

There was no difference in serum endotoxin of germ-free mice gavaged with fecal 

suspension from aged and young SPF mice (fig. S5H). To link gut leakiness to the loss of 

Akk, we gavaged aged mice with either sterile saline or Akk for 20 days (fig. S5I) and then 

orally gavaged with FITC-dextran. The decreased colonic inner mucus and increased FITC-

dextran and endotoxin leakage in aged mice were reversed in Akk-treated aged mice, almost 

to that observed in young mice (Fig. 4, D to F). The Akk treatment also completely 

abolished the enrichment of 4BL cells and their downstream GrB+CD8+ T cells (Fig. 4, G 

and H, and fig. S5J). Because enrofloxacin increased Akk (Fig. 4A), presumably due to Abx 

resistance (36), and eliminated 4BL cells in aged mice, we reasoned enrofloxacin might also 

be able to reverse gut leakage. To test this possibility, we measured the presence of 

functionally active endotoxin in sera of mock- and enrofloxacin-treated mice using nuclear 

factor κB reporter HEK-Blue-4 cells stably expressing human TLR4 and its coreceptor 

genes MD-2 and CD14. Abx reversed the increased serum endotoxin (Fig. 4I) and leakage 

of orally administered FITC-dextran (Fig. 4J) in aged mice back to concentrations seen in 

young mice. Together, these results indicate that Akk prevented the generation of 4BL cells, 

at least in part, by protecting the intestinal epithelial integrity.

Butyrate controls the induction of 4BL cells

Because of its importance for some commensals (30, 37), the decrease in the mucus layer in 

aging could explain the reduction of bacteria in Clostridium clusters IV and XIVa, such as I. 

butyriciproducens, F. prausnitzii, R. faecis, and A. butyraticus. Because these bacteria 
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metabolize fiber into immunoregulatory SCFAs (7), we hypothesized that their loss 

increases inflammation, thereby activating monocytes to induce 4BL cells. First, we 

quantified SCFA in various regions of the intestine, PeC lavage, and feces of mice and 

macaques using liquid chromatography–mass spectrometry (fig. S6, A and B). Compared to 

young, aged mouse intestine (particularly cecum; Fig. 5A and fig. S6C) and the feces of 

elderly macaques (fig. S6D) were markedly reduced in acetate, propionate, and butyrate. In 

PeC lavage, however, only butyrate was decreased in aged mice (Fig. 5B and fig. S6C). 

Because butyrate inhibits lipopolysaccharide (LPS)–induced monocyte inflammation (38), 

we sought to determine whether its decrease in PeC enabled activation of monocytes by 

microbial stimuli (such as LPS) leaked from guts of aged mice. First, we artificially 

increased the LPS concentration in PeC of young mice by intraperitoneally injecting a low 

dose of LPS (5 μg) daily for 5 days. We observed an increase in monocytes (IFN-γ+4–1BB
+CD40L+) and 4BL cells in the omentum/PeC (fig. S7, A to H). To confirm this result in 

vitro, bone marrow–derived monocytes from naïve young mice were stimulated overnight 

with LPS (100 ng/ml) alone or together with 10 μM butyrate. After coculture with B1 cells 

from young mice for 2 days, only monocytes treated with LPS, but not LPS plus butyrate, 

readily converted 4BL cells (fig. S7I). To validate this result in humans, we similarly 

stimulated peripheral blood monocytes from young human donors [which cannot induce 

4BL cells (19, 20)] with saline, LPS, or LPS and butyrate. As seen in mice, only monocytes 

stimulated with LPS, but not LPS with butyrate nor saline treatment, up-regulated 4–1BBL 

in B cells (fig. S7J). Conversely, we replenished butyrate in aged mice by oral gavage for 20 

days. The increased presence of monocytes, 4BL cells, and GrB+CD8+ T cells in aged mice 

was abolished in butyrate-treated aged mice (Fig. 5, C to E). We repeated the experiment 

with a new group of young, aged, and butyrate-treated aged mice. Two days after cessation 

of butyrate treatment, mice were intravenously injected with GFP+ B1 cells from young 

mice. Consistent with the loss of host monocytes (Fig. 5C and fig. S8A), butyrate treatment 

in aged mice abolished the conversion of GFP+ B1 cells into 4BL cells (Fig. 5, F and G, and 

fig. S8B). Together, we conclude that the butyrate reduction in aged mice, at least in part, 

allows microbial inflammatory stimuli to activate monocytes and thus induce 4BL cells.

4BL cells promote IR in aging

Because 4BL cells express 4–1BBL and TNFα [Fig. 1, J and K, and (19, 20)], which are 

implicated in obesity-induced adipose inflammation and metabolic disorders (21), we tested 

whether 4BL cells cause IR in aging (1). By measuring fasting plasma insulin and 

performing insulin tolerance test (ITT) and oral glucose tolerance test (OGTT), we 

confirmed that IR was increased in healthy aged mice compared to young mice (n = 38 to 46 

mice per group; Fig. 6, A to C, and table S2). Compared to young mice, injection of insulin 

less efficiently induced Tyr phosphorylation (pTyr) of liver insulin receptor in aged mice 

(Fig. 6D). However, there was no difference in Akt activation between the two groups, 

suggesting that inhibition of insulin receptor signaling involves TNFα (39), which can be 

provided by 4BL cells. We therefore repeated experiments that reverse gut leakiness and 

eliminate 4BL cells in aged mice. Enrofloxacin treatment completely abolished the 

increased IR in aged mice (Fig. 6, E and F) presumably without affecting food intake, as the 

body weight of mice was not changed (fig. S8C). Similarly, when we treated aged mice with 

butyrate, the previously increased IR reverted to concentrations observed in young mice 
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(Fig. 6G). We also depleted CD20+ B cells/4BL cells or their inducers, CCR2+ monocytes, 

in aged mice by a 20-day treatment with 5D2 Ab (αCD20) and MC21 Ab (αCCR2), 

respectively. Unlike isotype control Ab treatment, the depletion of B cells/4BL cells or 

CCR2+ monocytes (Fig. 2, D and E) completely abolished IR in the aged mice (Fig. 7, A to 

C). Because IR in obesity is also linked to CD8+ T cells and neutrophils (40, 41), we tested 

whether they are required for aging IR. Depletion of these two cell types using αCD8 and 

αLy6G Abs did not improve insulin sensitivity nor insulin production in aged mice (fig. 

S8D). We wondered whether IR in aging might instead be mediated by 4BL cells. To test 

this possibility, we used B cell–deficient JHT mice that were fed for 4 months with a high-

fat diet (HFD) to metabolically sensitize them without inducing IR (42). Mice were then 

intravenously transferred with congenic B1a cells from young mice or B1a (4BL) cells from 

aged mice. After 7 days, the IR was only up-regulated in mice replenished with 4BL cells, 

but not with young B1a cells (Fig. 7D). To further underscore the importance of 4BL cells, 

we repeated the Akk experiment in aged mice and found that, consistent with the above-

noted depletion of 4BL cells, Akk abolished the increased IR and improved liver insulin 

signaling (Fig. 7, E to G) without changing fasting plasma insulin (fig. S8E). We repeated 

the Akk experiment and then intravenously transferred the mice with 4BL cells from wild-

type (WT) or 4–1BBL knockout (KO) aged mice. The reintroduction of WT 4BL cells 

abolished the Akk- induced IR benefit, such as the reduced fasting plasma ITT and OGTT 

and the improved liver insulin receptor signaling (Fig. 7, E to G). In contrast, the transfer of 

4–1BBL KO 4BL cells failed to increase IR (Fig. 7, E to G), implying that IR in aged mice 

is induced by 4BL cells and requires 4–1BBL.

To extrapolate these results to aged primates, we measured IR in young and mock- or 

enrofloxacin-treated elderly macaques (n = 6 per group). Compared with young primates, IR 

was increased in elderly macaques (Fig. 7H and fig. S8F). However, a 2-month enrofloxacin 

treatment, together with the above-noted loss of 4BL cells (Fig. 3, H and I), was sufficient to 

reverse IR (Fig. 7H and fig. S8F) almost back to the concentrations seen in young macaques.

DISCUSSION

Here, we report that gut commensal bacteria controls IR in healthy aging via inflammation 

and subsequent induction of 4BL cells. Our modeling studies with aged mice and macaques 

indicate that this process is triggered by the reduction of potentially protective bacteria and 

enrichment of pathogenic gut commensals from the Firmicutes phylum. We observed a 

decrease of beneficial A. muciniphila and members of SCFA producers of Clostridium 

clusters IV and XIVa, such as I. butyriciproducens, F. prausnitzii, R. faecis, and A. 

butyraticus (31, 32) in aged mice regardless of the vendor source. It is difficult to identify a 

single microbe that triggers inflammation, presumably due to potential functional 

redundancies and complex relationships between commensals and differences in diet and 

host species. However, the loss of A. muciniphila appears to be a key factor that initiates the 

monocyte–4BL cell–IR axis in aged SPF mice. A. muciniphila protects the intestinal 

integrity by activating epithelial cells, inducing production of mucus (12, 30), and thereby 

supporting growth of other beneficial commensals (30, 37), such as SCFA producers (43). 

This explains why replenishment with A. muciniphila alone or treatment with enrofloxacin, 

which increases its abundance, was sufficient to restore the mucus layer and block gut 
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leakiness, thereby abolishing the accumulation of 4BL cells and subsequently IR. By 

providing fermented mucus, A. muciniphila also stimulates intestinal butyrate production 

from butyrate-producing bacteria such as F. prausnitzii (44). Thus, the loss of A. 

muciniphila may have not only caused the above-noted reduction of SCFA producers but 

may also be directly responsible for the marked reduction of intestinal SCFAs, particularly 

butyrate, in aged mice and macaques. Because butyrate supports the intestinal epithelial 

integrity both by providing energy to other commensals and colonocytes (7) and by 

inhibiting the expansion of potentially proinflammatory and pathogenic commensals (8), its 

reduction in aging intestine is expected to further exacerbate the gut leakiness induced by the 

loss of A. muciniphila.

We showed that intestinal leakage, possibly of pathogenic commensals (perhaps Firmicutes) 

and their products such as LPS and palmitic acid (2), triggers a chain of inflammatory events 

that activate monocytes to convert B1a cells into 4BL cells in the omentum. Consistent with 

the increase of CCL2 and CXCL13 chemokines in frail elderly mice and humans (27, 45), 

their up-regulation in the inflamed PeC of aged mice may have caused corecruitment of 

CCR2+ monocytes and CXCR5+ B1a cells in the omentum. The intestinal leakage also 

activated CCR2+ monocytes to up-regulate 4–1BB, CD40L, and IFN-γ, which we 

previously reported to be essential in 4BL cell conversion, as they trigger 4–1BBL, CD40, 

and IFN-γR1 signaling in B1a cells (19, 20). Although aging PeC was enriched in dendritic 

cells, they appear to be a minor player in the 4BL cell conversion. Similarly, resident 

macrophages did not induce the conversion, consistent with the aging-associated decrease of 

their numbers and phagocytic function (46). Instead, we link the 4BL cell induction to 

CCR2+Ly6Chi monocytes and possibly their early/intermediate macrophage subsets 

differentiated in the inflamed milieu (22). However, CCR2+Ly6Chi monocyte activation and 

thus 4BL cell conversion were controlled by butyrate, a potent inhibitor of TLR4 signaling 

in myeloid cells (38). Our results suggest that the butyrate decrease in the gut and PeC of 

aged hosts enables LPS and other microbial stimuli to activate CCR2+ monocytes to 

subsequently induce 4BL cells and thereby IR. Thus, the conversion of 4BL cells can be 

induced or blocked by changing the butyrate/microbial stimuli ratio, such as by in vitro and 

in vivo treatment of monocytes or young mice with LPS or LPS + butyrate, or by 

supplementing aged mice with butyrate.

Overall, as summarized in fig. S9, our results underscore the importance of gut microbiota in 

“healthy” aging. Consistent with a positive association between leaky gut and various 

autoimmune and metabolic diseases (47), we found evidence that loss of A. muciniphila in 

aging impairs the intestinal integrity and increases gut leakiness that triggers a chain of 

events that culminate in IR. The A. muciniphila loss may lead to the decrease in other 

commensals, such I. butyriciproducens, F. prausnitzii, R. faecis, and A. butyraticus, and thus 

their beneficial metabolites, particularly butyrate. When gut is leaky, the reduction of this 

important inhibitor of TLR4 signaling (38) in PeC enables endotoxin and other bacterial 

products to freely activate CCR2+ monocyte up-regulating 4–1BB, CD40L, and IFN-γ. 

Upon coinfiltration into inflamed aging omentum, activated CCR2+ monocyte convert B1a 

cells into 4BL cells. Then, 4BL cells induce IR in a 4–1BBL–dependent manner in aged 

mice without affecting production of insulin. However, this pathway is reversible in both 

aged mice and macaques. It can be blocked by strategies that reverse gut leakiness, such as 
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enrofloxacin treatment (and possibly by other Abx that increase Akkermansia), by 

replenishing A. muciniphila or butyrate, or by inactivating their downstream target cells, 

monocytes, or 4BL cells. As in our aged mice, where IR requires expression of 4–1BBL in 

4BL cells, the 4–1BBL receptor 4–1BB and TNFα signaling have been implicated in 

glucose tolerance and IR in HFD-fed mice (21). Moreover, A. muciniphila is reported to be 

among the most reduced commensals in mice with diet-induced obesity and humans with 

type 2 diabetes (T2D) (2, 35). This may explain why IR and diet-induced obesity in mice 

associate with decreased concentrations of butyrate (12, 48–50) and increased gut leakage of 

commensals and endotoxemia (51, 52) and, conversely, why these pathologies benefit from 

the presence of A. muciniphila and butyrate (12, 49, 50). Therefore, it is tempting to 

speculate whether metabolic disorder and IR in diet-induced obesity are also mediated by 

4BL cells. Although IR in aged mice was not affected by the depletion of CD8+ T cells, it 

remains to be seen whether the effects of CD8+ T cells and neutrophils on diet-induced IR in 

mice (40, 41) are due to the ability of 4BL cells to induce GrB+CD8+ T cells (19, 20) or 

their potential cross-talk with myeloid cells. Recently, the use of B1a cells was proposed as a 

strategy to ameliorate T2D in diet-induced obesity (53). In cases of increased gut leakiness 

or where A. muciniphila and butyrate are reduced (54), we think that this strategy may only 

provide a transient benefit or may even be harmful. As we have shown here and elsewhere 

(20), and consistent with the implications of 4–1BB and TNFα in obesity-induced T2D (21), 

B1a cells up-regulate 4–1BBL and mTNFα to become pathogenic 4BL cells within a few 

days after transfer into aged mice. Thus, besides their loss of immunosuppressive ability and 

acquisition of the ability to induce cytolytic GrB+CD8+ T cells capable of killing tumors 

(19, 20), these cells may promote IR as in our aged mice and macaques. Because elderly 

humans accumulate 4BL cells (19, 20), which can be induced by LPS-stimulated monocytes, 

we conclude that their microbiota–monocyte–4BL cell axis may also be responsible for 

induction of IR as in aged mice and macaques. In concordance, the gut microbiota of the 

elderly, particularly when they are frail, contains proinflammatory Bacteroidetes-

predominated commensals (5). Moreover, A. muciniphila also inversely associates with the 

human prediabetic state (55), which, together with beneficial SCFAs and polyamines, is 

markedly reduced in elderly frail people (4, 5, 56, 57), implying that the IR and other 

pathologies associated with aging and even frailty can be ameliorated by targeting the 

microbiota–monocyte–4BL cell axis.

MATERIALS AND METHODS

Study design

To search for links between IR and accumulation of potentially pathogenic 4BL cells, we 

used young (10 to 12 weeks) and aged (18 to 24 months) female C57BL/6 mice (n = 400), 

rhesus monkeys (Macaca mulatta, n = 19), and squirrel monkeys (Saimiri sciureus, n = 9). 

Experiments were conducted under the Guide for the Care and Use of Laboratory Animals 

(National Institutes of Health Publication No. 86–23, 1985). To evaluate the importance of 

the gut microbiome in the activation of 4BL cells, mice and macaques were treated with 

enrofloxacin (Abx, n = 6 to 12) for 3 to 4 months. We also sequenced the 16S rRNA genes 

of fecal microbes and quantified SCFAs in various regions of the intestine and in the PeC of 

untreated or Abx-treated young and aged mice. To link the induction of 4BL cells to 
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microbiome-induced monocytes, we used oral fecal transplantation and gavaged young 

germ-free or aged SPF mice with cultured Akk. To link 4BL cells to IR induction, mice were 

adoptively transferred with 4BL cells from WT or 4–1BBL KO aged mice. In addition, aged 

mice were depleted of 4BL cells or monocytes using respective Abs. Experimental and 

control groups were age-matched for all studies. Details on experimental replicates are 

provided in the relevant figure legends.

Statistical analysis

Results are presented as the means ± SEM. Sample size was 5 to 12 animals per group, 

randomized by age (19, 20). For primates, we used all available rhesus monkeys (M. 

mulatta, n = 19) and squirrel monkeys (S. sciureus, n = 9); no animals were excluded in the 

analysis. Experiments were run in a blinded manner although outcome assessment was not 

blinded. GraphPad Prism (Prism 6; Graph Pad Software Inc.) was used to perform statistical 

analysis. For pairwise comparisons, a nonparametric paired Mann-Whitney U test was used. 

For three or more matched groups, a Kruskal-Wallis test with Dunn’s correction was used. 

For the above tests, *P < 0.05, **P < 0.01, and ***P < 0.001 throughout. For correlation 

studies, Spearman’s correlation was used, and a P value less than 0.05 was considered 

statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Aging induces accumulation and activation of monocytes in the PeC.

(A) Shown is the gating strategy for myeloid cells (without granulocytes) in the PeC of 

young and aged mice. (B to H) Quantification of (B) monocytes, (C) dendritic cells (DC), 

(D) macrophages (Mφ), and (E) CCR2+Ly6C+ monocytes. (F to H) Aged mouse monocytes 

up-regulated key factors involved in 4BL cell conversion. Y axes show flow cytometry cell 

counts in individual mice (n = 8 to 10 per group, with each representative experiment 

reproduced at least three times). (I) Z-score heatmap of the change in the mRNA expression 

of selected genes in PeC Mφ, DC, and monocytes in aged compared to young mice (n = 4 

per group; see also fig. S1, H and I). Only monocytes converted B1a cells into 4BL cells, as 

inferred by up-regulated surface expression of 4–1BBL and membrane (m) TNFα in 

CD5+CD19+ cells. (J to L) Sort-purified PeC Mφ, DC, and monocytes were cultured 

overnight with eFluor450-labeled B1 cells from young mice at a 1:1 ratio (n = 4 to 6 per 

group; the experiment was reproduced twice). Shown are representative flow cytometry data, 

with numbers showing the percentage of B1a cells expressing both 4–1BBL and TNFα (n = 

5) (J) and its summary result for expression of 4–1BBL and TNFα in B1a cells (K and L). 

Data are represented as means ± SEM. P < 0.05, **P < 0.001, and ***P < 0.0001 [Mann-
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Whitney U test and Kruskal-Wallis test in (B) to (D), Dunn’s test for multiple corrections in 

(K) and (L)]. n.s., not significant.
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Fig. 2. CCR2+ monocytes induce 4BL cell conversion in the omentum.

(A) B1a cells expressed more 4-BBL than B2 and B1b cells. Shown is a representative 

histogram for 4–1BBL expressing B cell types in aged omentum (left) and absolute numbers 

of 4–1BBL+ B1a cells in the omentum of young and aged mice (right). Each symbol is for 

an independent mouse; n = 7 to 8 mice per group. (B) B220+ (B cells) and 4–1BBL+ cells 

colocalized with CD115+ cells (monocytes) in a whole-mount immunofluorescence staining 

of aged omentum. (C) Compared to young omentum, aged mouse omentum efficiently 

converted eFluor450-labeled B1 cells from young mice into 4BL cells in vitro. Shown is a 

representative flow cytometric plot (left) and summary result (right) of B1 cells stimulated 

with phosphate-buffered saline (PBS), young omenta, or aged omenta (n = 3 mice per group; 

the experiment was reproduced twice). (D and E) The 4BL cell conversion was induced by 

CCR2+ monocytes. After a 12-day treatment with control immunoglobulin G (IgG) or 

CCR2+ monocyte–depleting Ab (αCCR2), aged mice were adoptively intravenously 

transferred with 5 × 106 GFP+ B1 cells from young mice on day 13. Shown are (D) the 

number of host monocytes in PeC and omentum and (E) the number of donor GFP+CD19+ 

cells in PeC and omentum 4 days after B1 cell transfer (n = 5 mice per group; the 

experiment was reproduced three times). *P < 0.05 and **P < 0.001 (Kruskal-Wallis test 

with Dunn’s test for multiple corrections in (C) to (E) and Mann-Whitney test for all others).
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Fig. 3. Enrofloxacin (Abx) treatment eliminates the accumulation of monocytes and 4BL cells in 
aged mice.

(A to G) Young and aged mice (n = 7 to 9 per group) were treated with Abx (170 mg/liter) 

in drinking water for 3 to 4 months; representative results of experiments reproduced at least 

three times. The frequency (top) and absolute counts (bottom) of (A) monocytes, (B) 4BL 

cells, and (C) GrB+CD8+T cells in PeC were quantified. (D) and (E) show absolute counts 

of Ly6C+ monocytes and 4BL cells, respectively, in the omentum of aged mice. (F) Abx-

treated mice were intravenously injected with GFP+ B1 cells from young mice to assess 4BL 

cell conversion in vivo after 5 days (n = 8 to 10 per group). (G) To evaluate the importance 

of monocytes in the 4BL cell conversion, flow-sorted PeC myeloid Lin−CD11b+ cells from 

mock- or Abx-treated young or aged mice were cultured overnight with eFluor450+ PeC B 

cells from young mice at a 1:1 ratio (n = 6 to 8 per group). (H) Abx treatment decreased 4–

1BBL CD20+ B cells in the peripheral blood of elderly macaques (each symbol represents 

one individual; n = 6 to 7 per group). (I) Abx treatment impaired the monocyte-mediated 

4BL cell conversion in macaques. CD14+ monocytes from saline (mock)- or Abx-treated 

aged macaques were cultured overnight with eFluor450+ CD20+ cells from young macaques 

(n = 6 to 7 primates per group). *P < 0.05 and **P < 0.001 (Kruskal-Wallis test, Dunn’s test 

for multiple corrections).
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Fig. 4. Aging gut microbiota initiates the monocyte–4BL cell induction.

(A) The composition of gut microbiota was changed in aged mice. 16S rRNA gene 

sequencing results are shown as percent abundance of selected microbiota genera in murine 

feces (n = 8 mice per group). Note that y-axes lengths differ across plots. (B) A. muciniphila 

abundance inversely correlated with 4BL cells in PeC. Spearman correlations and associated 

P values are shown for each sample (n = 7 to 8 per group). (C) Gut microbiota of aged mice 

induced 4BL cells in 20-week-old germ-free mice. Shown are 4BL cells in the omentum and 

PeC of germ-free mice after weekly oral gavage with 25 μg of fecal suspension from SPF 

Bodogai et al. Page 21

Sci Transl Med. Author manuscript; available in PMC 2019 April 02.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



aged or young mice for 4 weeks (n = 4 to 5 mice per group, experiment was reproduced 

three times). (D) A representative image (left) and quantification (right) show that the 

thickness of colonic inner mucus layer was reduced in aged mice, which was reversed after 

replenishment with A. muciniphila (1 × 108 colony-forming units, with oral gavage every 

second day for 20 days). The yellow bar indicates the inner mucus layer. (E and F) Aged 

mice showed increased gut permeability, which was restored by gavage with A. muciniphila, 

as shown by serum leakage of FITC-dextran (E) or endotoxin (F; n = 5 to 7 per group; the 

experiment was reproduced twice). The increase in 4BL cells (G) and their downstream GrB
+CD8+ T cells (H) in aged mice was not observed after A. muciniphila treatment (n = 6 to 8 

per group; the experiment was reproduced three times). (I) Enrofloxacin (Abx) treatment (as 

in Fig. 3A) reversed gut permeability, as shown by serum endotoxin levels and (J) leakage of 

orally gavaged FITC-dextran (n = 8 per group). *P < 0.05, **P < 0.001, and ***P < 0.0001 

(Kruskal-Wallis test with Dunn’s test for multiple corrections). EU, endotoxin unit.
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Fig. 5. The role of butyrate in 4BL conversion.

Compared to young mice, SCFAs (micromolar) in (A) cecum and (B) butyrate in PeC were 

markedly decreased in aged mice and after Abx treatment (n = 7 to 9 mice per group). Note 

that y-axes lengths differ across panels. Supplementation with butyrate (BA; oral gavage, 2.5 

g/kg every second day for 4 weeks) decreased monocytes (C), 4BL cells (D), and GrB
+CD8+ T cells (E) in PeC (n = 8 per group; the experiment was reproduced twice). (F and 

G) Two days after the termination of BA [as in (C) to (E)], mice were intravenously 

transferred with PeC GFP+ B1 cells from young mice to evaluate their conversion into 4BL 

cells after 5 days in PeC (F) and omentum (G; n = 6 to 9 per group; the experiment was 

reproduced twice). Data are represented as means ± SEM. *P < 0.05, **P < 0.001, and ***P 

< 0.0001 (Mann-Whitney test and Kruskal-Wallis test with Dunn’s test for multiple 

corrections).
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Fig. 6. IR is increased in aged mice.

(A to C) Measurements of (A) fasting plasma insulin concentrations (n = 38 to 46), (B) 

starting glucose in ITTs (n = 38 to 46), and (C) blood glucose concentrations in oral OGTTs 

(n = 38 to 46); each symbol indicates a single female C57BL/6 mouse. Plasma insulin levels 

were measured by enzyme-linked immunosorbent assay after overnight fasting. (D) Mice 

were injected with insulin, after which phosphorylation of the insulin receptor [pTyr, using 

immunoprecipitation (IP)] and AKT (pThr308 and pSer473) were quantified in liver lysates. 

(E to G) IR in aged mice is reversed by treatment with enrofloxacin (Abx), as measured by 

ITT (E) and OGTT (F; n = 7 to 9 per group, as in Fig. 3A) or (G) butyrate (BA; n = 8 to 10 

per group, as in Fig. 5, C to G). Y axis in (E) to (G) shows area under the curve (AUC). Data 

are means ± SEM. *P < 0.05, **P < 0.001, and ***P < 0.0001 (Mann-Whitney test and 

Kruskal-Wallis test with Dunn’s test for multiple corrections).
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Fig. 7. Gut dysbiosis in aging promotes IR via 4BL cells.

(A) ITTs, (B) OGTTs, and (C) fasting plasma insulin show that IR in aged mice is reversed 

by the depletion of monocytes and B cells (n = 7 to 8 per group, as in Fig. 2D; “*,” “#,” and 

“&” show for P < 0.05 for comparisons of the following groups of mice: young versus aged 

+ IgG, aged + IgG versus aged + αCCR2, or aged + αCD20, respectively). (D) Sort-purified 

or B1a cells from young or aged mice were intravenously transferred into B cell–deficient 

JHT mice fed with an HFD for 4 months. ITT was performed 1 week after intravenous 

transfer (n = 10 per group; “#” is for P < 0.05 for comparisons of PeC B cells from young 

versus aged mice). (E and F) Aged mice were gavaged with A. muciniphila for 20 days, but 

at day 14, mice were intravenously transferred with sort-purified B1a cells from the PeC of 

WT or 4–1BBL KO aged mice (Aged + Akk + WT B1 or Aged + Akk + KO B1, 

respectively) to evaluate IR at days 20 to 22 (n = 8 per group, with the experiment 

reproduced three times; “*,” “#,” “&,” and “%” are for P < 0.05 for comparisons of the 

following groups of mice: young versus aged + mock, aged + mock versus aged + Akk, aged 

+ Akk versus aged + Akk + WT B1, or aged + Akk + KO B1, respectively). (G) At day 24, 

mice in (E) and (F) were injected with insulin to quantify pTyr induction of the liver insulin 
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receptor (as in Fig. 6D). Numbers show the average pTyr increase normalized to β-tubulin. 

(H) IR was also increased in aged macaques (M. mulatta, n = 6 to 7 per group), which was 

reversed by Abx treatment (as in Fig. 3, H and I). Data are means ± SEM. *P < 0.05, **P 

<0.001, and ***P < 0.0001 (Mann-Whitney test and Kruskal-Wallis test with Dunn’s test for 

multiple corrections).
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