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A G I N G  I M M U N E  S Y S T E M

B cells drive CD4 T cell immunosenescence and 
age-associated health decline
Saad Khan1,2,3†, Mainak Chakraborty2,3†, Fei Wu4, Nan Chen2,3,5, Tao Wang6,7,8, Yi Tao Chan1,2,3, 
Azin Sayad9, Max Kotlyar10, Faisal J. Alibhai7, Minna Woo1,2,3,11, Ren-Ke Li7,12,  
Mansoor Husain5,6,7,8, Igor Jurisica10,13,14, Adam J. Gehring1,15, Pamela S. Ohashi1,9,  
David Furman4, Sue Tsai16, Shawn Winer5,17‡, Daniel A. Winer1,2,3,4,5*‡

Dysregulation of the adaptive immune system is a key feature of aging and is associated with age-related chronic 
diseases and mortality. Here, we find that T cell aging, especially in the CD4 subset, is controlled by B cells. B cells 
contributed to the age-related reduction of naive CD4 T cells, their differentiation toward immunosenescent T cell 
subsets, and age-associated T cell receptor clonal restriction. Concurrently, mice lacking B cells displayed improve-
ments in health span and life span. We uncovered a role for B cell–intrinsic insulin receptor signaling in influencing 
age-related B cell phenotypes that in turn induces CD4 T cell dysfunction, a process that is in part driven by major 
histocompatibility complex class II. These results identify B cells as critical mediators driving age-associated adap-
tive immune dysfunction and health-span outcomes and suggest previously unrecognized modalities to manage 
aging and related health decline.

INTRODUCTION
Aging is associated with a gradual decline in tissue and organ func-
tion, often resulting in chronic complications and diminished surviv-
ability (1, 2). The unprecedented growth of the global aged population 
(>65 years) is of great concern, given that the elderly display the highest 
death rate linked with major noncommunicable diseases, such as 
cardiovascular disease, type 2 diabetes, and Alzheimer’s disease (3). One 
important contributor to the aging process is the development of chronic 
low-grade inflammation, termed “inflammaging,” that progressive-
ly increases and is linked to the onset of age-related complications and 
decreased survival of the elderly (4, 5). Immune cells are central to 
inflammaging, and age-related changes in the immune system 
are collectively termed “immunosenescence” (6). Immunosenes-
cence is directly responsible for age-related increases in basal levels 

of inflammation, decreased vaccine efficacy, and increased suscepti-
bility to pathogens (6, 7).

The adaptive immune system shows key features of immunose-
nescence. T cells display a loss in their naive pool and an expansion 
of memory subsets, which is concurrent with a loss in overall T cell 
receptor (TCR) diversity (8, 9). Mechanisms, including thymic invo-
lution, hematopoietic stem cell insufficiency, altered homeostatic 
proliferation, and intrinsic T cell defects, are believed to limit naive 
and quiescent-like T cell states (8, 10–14). Concurrently, there is an 
increase in differentiated effectors, such as effector memory–like (TEM), 
exhausted, T follicular helper (TFH), and senescent-like T cell subsets, 
which cumulatively contribute to inflammaging, senescence, and tissue 
deterioration during aging (14). These mechanisms are further com-
plicated by apparent heterogeneity in CD4 and CD8 T cell aging 
because of variations in naive cell peripheral homeostasis, TCR sig-
naling, cellular metabolism, and epigenetic modifications (15–17).

Concurrently, aging is associated with a decline in early B cell 
progenitors and a shift away from a naive dominant B cell compart-
ment toward one that displays greater features associated with activation, 
including increased production of proinflammatory cytokines, memory-
associated phenotypes, terminal differentiation toward antibody se-
creting cells, and the development of a hypermetabolic age-associated 
B cell (ABC) subset that expresses increased inflammatory and anti-
gen presentation machinery (18–22). In health and disease settings, 
B cells are modulators of T cell function, via antigen presentation, 
activation, polarization, and generation of memory responses (23, 24). 
CD4 T cell activation and memory response induction often occur 
through interaction with B cells, whereas CD8 T cell memory respons-
es often occur independently of B cells (25–27). Whether B cells in 
aged organisms contribute to CD4 and CD8 T cell immunosenes-
cence remains to be determined.

Here, we demonstrate that the presence of B cells across the mouse 
life span influences the composition of the T cell compartment, their 
activation state, and inflammatory potential, as well as their overall 
TCR repertoire, findings which are linked with parameters of lon-
gevity and health span. We uncover a role for the insulin receptor 
(InsR) in mediating its proaging effects on mice by acting on B cells 
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to promote ABC phenotypes and drive T cell immunosenescence 
and reduced health span. We show that B cells particularly influence 
CD4 T cell dysfunction, which proceeds in a major histocompatibil-
ity complex class II (MHCII)–dependent manner. Overall, these find-
ings link an endocrine signaling axis with dysfunctional adaptive 
immunity and declining health parameters with age.

RESULTS
B cell deficiency prevents age-related alterations to 
splenic T cells
We first documented baseline levels of age-related changes in B and 
T cell populations by flow cytometry (fig. S1, A and B) in spleens of 
aged (range: 22 to 30 months) C57BL6/J female wild-type (WT) 
mice in our facility. CD19+ B220hi (B2) cells are the majority B cell 
fraction essential for humoral immunity, T cell activation, and immu-
nological memory (28–30). Among total B cells, B220lo/− and B220hi 
subsets remained unchanged, whereas in the B2 fraction, we ob-
served an age-associated decline in the frequency of follicular B cells 
(FOBs) and a concurrent expansion of a CD21− CD23− fraction, 
previously described as ABCs (21), as well as CD11c+ T-bet+ B2 
cells (fig. S2, A to D). Concurrent assessment of the aged T cell com-
partment confirmed a strong decrease in the frequency of naive 
T cells and an expansion of TEM cells and exhausted PD1+ T cells 
(fig. S2, E and F), which were independent of alterations to the fre-
quency or cellularity of total splenic T cells or the proportion of total 
CD4 and CD8 T cells (fig. S2, G and H). Cumulatively, these results 
are in line with previous observations regarding the aged adaptive 
immune compartment.

Given the functional relevance of B cells in influencing T cell 
phenotypes across a variety of health and age-related disease states 
(23, 24, 31), we hypothesized that aged mice lacking B cells would 
display alterations in the composition of their splenic T cell com-
partment. Thus, we aged B cell–deficient (μMT) mice to ~24 months 
(fig. S2I) (32). As a result of B cell deficiency, the relative abundance 
of splenic T cells increased in μMT mice, despite an overall decrease 
in cellularity, compared with WT controls (fig. S2J). In addition, in 
the T cell compartment, there was an increase in the relative abun-
dance of CD8 T cells and a reduction in the relative abundance of 
CD4 T cells (fig. S2K).

To further probe the composition of the T cell compartment, we 
performed 5′ single-cell RNA sequencing along with VDJ TCR sequenc-
ing on sorted CD3+ cells from the spleens of aged μMT and WT mice. 
Uniform Manifold Approximation and Projection (UMAP) reduction 
revealed 13 clusters found in both conditions, and on the basis of expres-
sion patterns of Sell, Ccr7, Cd44, Pdcd1, and Tox, we were able to annotate 
major cell clusters as naive T cells (clusters 0 and 3), exhausted and 
effector memory (Ex/Mem) T cells (clusters 1 and 6), and central 
memory T cells (TCM cells) (clusters 2 and 7) (Fig. 1, A and B, and 
fig. S2L). The remaining clusters displayed several features that prevented 
them from being annotated as traditional naive T cells, Ex/Mem 
T cells, or TCM cells. These included Foxp3-expressing regulatory 
T cells (Treg cells) (cluster 4) and natural killer T cells (NKT cells) (clus-
ters 5 and 11), as well as T cells that displayed distinct gene expression 
patterns including an interferon gene signature (Isg15, Ifit1, and Ifit3—
cluster 8), myeloid-like features (Apoe and C1qb—cluster 9), prolifera-
tion markers (mKi67 and Top2a—cluster 12), and mixed immune cell 
genes, which likely represent additional CD3-expressing popula-
tions (H2-Aa and S100a9—cluster 10) (Fig. 1, A and B, and fig. S2L).

Aged μMT mice had a splenic T cell compartment that appeared 
to resist aging-related changes. In the aged μMT T cell pool, we ob-
served marked increases in the relative abundances of naive CD4 
(cluster 3) and CD8 (cluster 0) T cells, as well as pronounced reduc-
tions in the relative abundances of Ex/Mem CD4 (cluster 1) and CD8 
(cluster 6) T cells (Fig. 1C). Similar effects were observed after anal-
ysis by flow cytometry (Fig. 1D and fig. S2M). Concurrently, we also 
observed a decrease in the proportions of PD1+ T cells (Fig. 1E and 
fig. S2N) and splenic Treg cells in the μMT T cell pool (Fig. 1F), as 
well as in TFH cells (Fig. 1G). Conversely, in young mice, we observed 
minor differences in the composition of the splenic T cell compartment 
between WT and μMT mice (fig. S3, A to F). Accordingly, we observed 
that fold changes over time in splenic naive and age-related T cell sub-
sets still were much more pronounced in WT mice during the aging 
process compared with age-matched μMT mice (fig. S3, G to K).

Given these differences in the composition of the T cell compart-
ment between aged WT and μMT mice, we hypothesized that B cells 
might also be responsible for the altered T cell clonality and the loss 
in TCR diversity with age, major hallmarks of T cell aging. Analysis 
of the VDJ TCR sequences unveiled that at baseline (clonality = 1), 
T cells from aged μMT mice displayed higher diversity and mark-
edly reduced clonal expansion (clonality > 1) compared with WT 
T cells with age (Fig. 1H). When superimposed upon our UMAP, the 
increase in T cell clonal expansion with age in WT mice was distinctly 
linked largely with TCM, Ex/Mem, and Treg cell clones, confirming 
that differentiation of naive cells toward these fates is responsible for 
a shrinking TCR repertoire (Fig. 1H). In mice lacking B cells, very 
few T cell clones were able to expand with age, creating a diverse 
TCR repertoire. Together, these findings suggest that B cells facili-
tate T cell adoption of an immunosenescent fate and TCR restric-
tion with age.

B cell deficiency limits T cell inflammatory function 
during aging
We next sought to better understand how B cells may be modulating 
the splenic T cell compartment with age. We first explored whether 
the large changes in relative abundances of naive and major differen-
tiated Ex/Mem T cell subsets may be associated with any differences 
in thymic output. Unexpectedly, these changes occurred in the ab-
sence of any alterations to thymic involution, thymocyte number, or 
T cell development (Fig. 2, A and B), indicating that B cells might be 
responsible for regulating the T cell compartment in the periphery 
rather than altering thymic output or developmental pathways.

Subsequently, we assessed differentially expressed genes (DEGs) 
between splenic T cells from aged WT and μMT mice (Fig. 2C). WT 
T cells displayed up-regulated expression of various identified aging-
related genes (Izumo1r, Tigit, Lag3, Gzmk, S100a11, Itga4, Tox, 
Pdcd1, and Aw112010), whereas μMT T cells up-regulated genes 
found commonly in young T cells (Satb1, Lef1, and Ccr7). Accord-
ingly, WT T cells expressed higher levels of genes traditionally as-
sociated with inflammatory/memory T cells (CD44, CD38, Nrp1, 
Ier3, Sostdc1, Ly6a, Il21, Tnf, and Ifng), whereas μMT T cells up-
regulated genes linked with naiveness and quiescence (CD55, Sell, 
and Dapl1). In addition, in WT T cells, we observed higher expres-
sion of genes linked with (i) TCR signaling and antigen-presenting 
cell–mediated activation (Lck, Zap70, Icos, Cd82, Tnfrsf4, Ctla4, 
Cxcr5, and Nr4a1), (ii) transcription factors involved in T cell dif-
ferentiation (Maf, Foxp3, Rora, Bcl6, Batf, Ikzf2, Hif1a, and Bhlhe40), 
and (iii) T cell senescence (Cdkn1a, Cdkn1b, and Cdkn2a). At the 
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Fig. 1. Mice lacking B cells display reduced T cell immunosenescence. (A to C) 5′ Single-cell transcriptomics with VDJ TCR analyses on splenic CD3+ cells from 24-month-old 
aged μMT and WT mice (n = 2 pooled cohoused mice per group). (A) UMAP and annotation of splenic CD3+ clusters from aggregated aged μMT and WT mice. (B) Gene 
expression violin plots from aggregated aged μMT and WT mice. (C) Relative abundances of each cluster from μMT and WT mice. (D to G) Flow cytometric assessment of 
T cells from spleens of aged μMT and WT mice (n = 5 to 8 per group). (D) Representative plots (left) and relative abundances (right) of naive T cells, TEM cells, and TCM cells 
among CD4+ T cells. (E) Representative plots (left) and relative abundances (right) of PD1+ cells among CD4+ T cells. (F) Representative plots (left) and relative abun-
dances (right) of Treg cells. (G) Representative plots (left) and relative abundances (right) of TFH cells. (H) TCR diversity and clonality analysis of bulk (top) and TCR clonality 
overlaid on UMAP projection of CD3+ clusters (bottom) from 5′ single-cell transcriptomics with VDJ TCR analyses on splenic CD3+ cells from aged μMT and WT mice (two 
pooled cohoused mice per group). All experiments were repeated at least twice except for (A) to (C) and (H), which were obtained via a single experiment. Statistical dif-
ference between two means was determined via a Mann-Whitney test. Data are means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 2. B cell deficiency limits T cell inflammatory functional capacity. (A) Thymus weights (left) and thymocyte yields (right) and (B) representative plots (left) and 
relative abundances (right) of thymic T cell subsets from aged μMT and WT mice (n = 4 to 6 per group). (C) Volcano plot of genes globally up-regulated and (D) GSEA 
pathway analysis in CD3+ cells from aged μMT and WT mice (n = 2 pooled cohoused mice per group). (E to H) Flow cytometric assessment of T cells from spleens of aged 
μMT and WT mice (n = 4 to 6 per group). (E) Relative abundances of IFN-γ+ cells (left) and IL-17+ cells (right) among CD4+ T cells after 5-hour ex vivo stimulation. (F) Fre-
quencies of proliferating Ki67+ and (G) pSTAT5-expressing total and naive CD4+ and CD8+ T cells from spleens of aged μMT, aged WT, and young WT mice. (H) pγH2AX 
expression at baseline, in total and naive CD4+ and CD8+ T cells from spleens of aged μMT and WT mice. (I) Frequencies of Nur77+ (left), Ki67+ (middle), and CD69+ CD25+ 
(right) CD4+ T cells upon in vitro stimulation of naive T cells (n = 9 to 12 per group). (J to L) (J) iAge index values, (K) SenMayo scores, and (L) trajectory analyses of bulk 
splenic CD3+ cells from aged μMT and WT mice (n = 2 pooled cohoused mice per group). All experiments were repeated at least twice except for (C), (D), (H), and (J) to (L), 
which were obtained via a single experiment. Statistical difference between two means was determined via a Mann-Whitney test. Welch two-sample t test was used to 
assess the distributions of iAge index and SenMayo cell scores between WT and μMT. Data are means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. DN, CD4 CD8 double 
negative; SP, single positive; DP, CD4 CD8 double positive; MFI, mean fluorescence intensity.
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cluster level, many of these differences were observed among indi-
vidual clusters (fig. S4A), suggesting that B cells can broadly modu-
late the inflammatory and age-related profile of T cell subsets, with 
differences not associated with shifting cell proportions. Gene set 
enrichment analysis (GSEA) linked pathway analysis suggested that 
WT T cells display higher expression of pathways linked with proin-
flammatory cytokine signaling, T cell activation, and increased met-
abolic output, which was also observed at the individual cluster 
level (Fig. 2D).

Given these age-resistant changes in T cell gene expression from 
aged μMT mice, we also assessed T cell functional capacity. Ex vivo 
stimulation of T cells from μMT mice, via a PMA (phorbol 12-myristate 
13-acetate)/ionomycin cocktail, confirmed their decreased inflamma-
tory potential, given that CD8 T cells displayed reduced interferon-γ 
(IFN-γ) production and CD4 T cells produced limited IFN-γ and 
interleukin-17 (IL-17) compared with WT controls (Fig. 2E and 
fig. S4B). Furthermore, in the absence of stimulation, old μMT mice 
had fewer proliferating Ki67+ CD4 T cells (Fig. 2F), as well as re-
duced expression of phosphorylated signal transducer and activator 
of transcription 5 (pSTAT5) and γH2AX, in total and naive T cells 
compared with WT controls (Fig. 2, G and H). These findings sug-
gest reduced cytokine-mediated modulation, baseline cellular pro-
liferation, and DNA damage in T cells from μMT mice, features which 
are thought to drive T cell dysfunction with age (11, 33, 34). We next 
directly assessed the functionality of naive T cells from aged μMT mice. 
Upon in vitro stimulation via plate-bound anti-CD3/CD28, purified 
naive T cells from aged μMT mice displayed increased frequencies 
of Nur77+, Ki67+, and CD69+ CD25+ cells compared with aged WT 
controls (Fig. 2I and fig. S4C). Across most markers, levels were 
comparable to responses of young T cells, suggesting a functionally 
younger phenotype of old μMT T cells after ex vivo stimulation.

Additional transcriptomic analyses confirmed that T cells from 
aged μMT mice scored lower iAge index (Fig. 2J and fig. S5A) and 
SenMayo scores (Fig. 2K and fig. S5B), which are algorithms that allow 
for assessment of inflammatory age (35) and senescence-associated 
features (36). Furthermore, pseudotime trajectory analyses highlighted 
differences in putative fates and branching nodes in splenic T cells 
from aged WT and μMT mice (Fig. 2L and fig. S5C), suggesting that 
in the absence of B cells, T cells fail to undergo activation and dif-
ferentiation patterns occurring in WT T cells with age. Our findings 
indicate that, compared with WT mice, aged μMT mice harbor more 
naive T cells that are less activated at baseline and further retain the 
ability to undergo stronger responses upon activation, analogous to 
T cells from young WT mice.

B cell–deficient mice have improved health span 
and life span
Given that aged μMT mice harbor T cells that fail to adopt an immu-
nosenescent phenotype, we next determined whether B cell deficiency 
could be associated with improvements in age-related parameters of 
frailty and metabolic dysfunction. Compared with WT controls, 
aged μMT mice had a slightly lower body weight yet displayed no 
overt differences in organ and tissue weights at 24 months old 
(fig. S6, A and B). However, B cell deficiency was linked with im-
provements in a 31-index frailty score (Fig. 3A and fig. S6C), a gold 
standard readout of mammalian health-span parameters (37), as 
well as improved metabolic sensitivity, as determined via glucose 
and insulin tolerance tests (GTTs and ITTs; Fig. 3B). μMT mice also 
demonstrated a pronounced increase in overall life span (median 

life-span increase of 36.3%), with some mice living longer than 3 years 
of age (Fig. 3C).

These improvements were further associated with decreased ex-
pression of various senescence-associated secretory phenotype (SASP), 
senescence, and fibrosis genes in the aging liver, lung, and muscle 
(Fig. 3, D and E, and fig. S6, D to F) and increased grip strength 
(Fig. 3F). In addition, changes in the T cell compartment of aged 
μMT mice were also observed in the blood, liver, and lung (Fig. 3, G 
and H, and fig. S7), suggesting that the global absence of B cells 
could prevent aspects of systemic aging of the T cell compartment in 
multiple tissues. However, limited differences were observed in the 
abundances of various circulating serum cytokines (fig. S6G), sug-
gesting that improvements in inflammatory processes may be tissue 
specific. In line with decreased inflammatory SASP output in tis-
sues, histological assessment confirmed notable improvements in 
tissue fibrosis and quadricep fiber area in aged μMT mice compared 
with WT controls (Fig. 3, I and J, and fig. S6, H and I). Cumulatively, 
these results suggest that an absence of B cells during the aging pro-
cess is linked with a less immunosenescent T cell compartment, 
along with improvements in various parameters of age-associated 
decline in health-span parameters.

Aged B cells stimulate T cell immunosenescence
We next sought to determine whether depletion of B cells in middle-
aged mice can prevent age-related T cell dysfunction. WT mice, 14 
to 15 months old, were injected with a depleting anti-CD20 mono-
clonal antibody (CD20 mAb) or an isotype control (ISO) once every 
2 weeks for 12 weeks (fig. S8A). As expected, upon completion of the 
12-week loss-of-function treatment regimen, the spleen displayed a 
marked reduction in the relative abundance and cellularity of B cells 
and major B cell subsets (Fig. 4A and fig. S8, B to D). Although 
CD20 mAb treatment increased splenic T cell relative abundance, 
their cellularity remained unchanged (fig. S8E). Furthermore, treat-
ment was associated with a mild increase in the CD4 T cell fraction, 
whereas CD8 T cells remained unchanged (fig. S8F).

Mice treated with CD20 mAb displayed an increased relative 
abundance of naive T cells and reductions of TEM cells in both CD4 and 
CD8 compartments compared with ISO-treated controls (Fig.  4B 
and fig. S8G). Correspondingly, we observed a decrease in the rela-
tive abundance of splenic PD1+ T cells and a trend toward a de-
crease in IFN-γ+ T cells in CD20 mAb–treated mice (Fig. 4, C and 
D, and fig. S8, H and I). CD20 mAb treatment also decreased the 
expansion of TFH cells with age (Fig. 4E), although Treg cell frequen-
cy remained unchanged (fig.  S8J). Similar observations regarding 
depletion of B2 cells and alterations to T cell heterogeneity were 
made in the blood (fig. S9, A to D), liver (fig. S9, E to H), and lung 
(fig. S9, I to L). Once again, these changes in the T cell compartment 
were observed in the absence of any changes in thymic size or thymocyte 
number, indicating that B cells use mechanisms independent of regulat-
ing thymocyte numbers to modulate the T cell compartment with 
age (fig. S9M).

CD20 mAb treatment in aged mice has previously demonstrated 
therapeutic efficacy in preventing age-associated metabolic dysfunction, 
which is linked with adaptive immune cell activity (38). Conse-
quently, we speculated that CD20 mAb–treated mice might also dis-
play improvements in the 31-index frailty score and health condition. 
CD20 mAb–treated mice had lower body weights, which was associ-
ated with reductions in the weights of the kidneys and heart (fig. S10A). 
Furthermore, there was a strong trend toward improved frailty outcomes 
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Fig. 3. B cell deficiency improves age-related health parameters. (A) Representative image (left) and 31-index frailty scores (right) from aged μMT and WT mice (n = 9 
to 14 per group). (B) GTT (left) and ITT (right) results from aged μMT and WT mice (n = 4 to 5 per group). (C) Survival curves from aged μMT and WT mice (n = 20 to 22 per 
group). (D) qPCR gene expression of SASP markers in livers in aged μMT and WT mice (n = 5 or 6 per group). (E) qPCR gene expression of SASP markers in lungs in aged 
μMT and WT mice (n = 4 to 6 per group). (F) Grip strength analysis in aged μMT and WT mice (n = 6 per group). (G) Relative abundances of naive T cells, TEM cells, and TCM 
cells (left) and PD1+ cells (right) among CD4+ T cells in perfused livers of aged μMT and WT mice (n = 5 or 6 per group). (H) Relative abundances of naive T cells, TEM cells, 
and TCM cells (left) and PD1+ cells (right) among CD4+ T cells in perfused lungs of aged μMT and WT mice (n = 5 or 6 per group). (I) Representative images (top) and quan-
tification (bottom) of tissue fibrosis via Masson’s trichrome staining in livers, kidneys, and quadriceps from aged μMT and WT mice [n = 39 or 40 low-power fields (LPF) 
(tissue dependent) from four mice per group]. Scale bars, 300 μm. (J) Representative images (top) and quantification (bottom) of muscle fiber areas via Masson’s trichrome 
staining in quadriceps from aged μMT and WT mice (n = 160 LPF from four mice per group. Scale bars, 200 μm. All experiments were repeated at least twice. Statistical 
difference between two means was determined via a Mann-Whitney test. Log-rank (Mantel-Cox) test was used for statistical analysis for survival curves. Data are means ± 
SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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in CD20 mAb–treated mice compared with ISO controls (fig. S10B). 
These findings suggest that B cells can be actively targeted in late 
adulthood to prevent age-related decline in the naive T cell com-
partment and formation of T cell subsets linked with declining 
health span.

We next determined whether aged B cells could directly affect 
naive T cell activation compared with the effects of young B cells. 
We first isolated naive T cells from the spleens of young WT mice 
and cocultured them with B cells from either young or aged spleens, 
in the presence and absence of an anti-CD3 stimulant for 48 hours 
(fig. S11A). Coculture with B cells was able to increase the frequen-
cies of Nur77+, Ki67+, CD38+, and PD1+ T cells, confirming 
that B cells can enhance T cell activation processes regardless of age 
(Fig. 5, A to D, and fig. S11, B to E). However, aged B cells displayed 
greater ability to reduce the frequency of naive T cells, which was 
more pronounced in the CD4 T cell compartment (Fig. 5E and 
fig. S11F). These results suggest that although B cells of any age can 
stimulate T cell activation, aged B cells have a superior ability to polar-
ize CD4 T cells away from a naive phenotype in a coculture system.

We subsequently hypothesized that intravenous adoptive trans-
fer of aged splenic B cells into young μMT recipient mice would 
acutely promote T cell activation and potentially alter some age-
associated markers. μMT mice were selected as recipients because 
we reasoned that B cell deficiency would allow for transferred B2 
cells to establish a niche in the spleen upon reconstitution. In line 
with previous B cell transfer strategies (31, 39, 40), we studied re-
sponses within 8 to 10 days (fig. S11G), given that previous studies 
have shown that aged immune cells can impart characteristics of 
tissue aging in as little as 7 days posttransfer (34). Eight to 10 days 
posttransfer, we observed successful reconstitution of young and 
aged B2 cells in the spleens of μMT recipient mice (Fig. 5F). Com-
pared with recipients that received young B cells, recipients receiving 

aged B cells displayed an increase in the relative abundance of splen-
ic TEM cells, PD1+ T cells, and TFH cells, whereas Treg cells and TCM 
cells remained unchanged (Fig. 5, G to I, and fig. S11, H to L). Fur-
thermore, in line with our in vitro experiments, transfer of aged 
B cells, compared with young B cells, only decreased the proportion 
of naive CD4 T cells in the spleen (Fig. 5G and fig. S11J). Cumula-
tively, these data suggest that although B cells have the ability to 
activate and differentiate T cells along the mouse life span, those 
situated in an aged spleen have a higher capacity for this effect, with 
a more pronounced effect on the CD4 T cell compartment.

B cell InsR signaling promotes age-related B cell phenotypes
We next sought to understand mechanisms that either fuel changes 
in the B cell phenotype with age or allow them to induce T cell dys-
function. Recent evidence suggests that aged B cells display a hyper-
metabolic profile linked with their proinflammatory capacity (18); 
however, the triggers that contribute to this process remain relative-
ly unknown. The insulin signaling pathway downstream of the InsR 
is an evolutionarily conserved axis that boosts cellular metabolism 
and is negatively correlated with longevity across species (41). T cells 
have the InsR and up-regulate it upon activation to enhance inflam-
matory output during infection and autoimmunity (42). Given that 
aging is associated with hyperinsulinemia, elevated B cell metabo-
lism, and increased B cell effector function, we investigated whether 
insulin signaling may serve as an environmental cue that harmonizes 
these observations to drive age-related B cell dysfunction and down-
stream T cell aging phenotypes.

To test this hypothesis, we first mined a public dataset comparing 
systemic young and aged B cells (43) and investigated whether insulin-
related pathways were enriched among genes with higher expression 
in aged B cells. Aged B cells displayed an increased GeneRatio score 
in pathways related to the phosphatidyl inositol-kinase (PI3K)/protein 

Fig. 4. B cell depletion with a CD20 mAb improves aging-associated CD4 T cell parameters. (A to E) Flow cytometric assessment of T cells from spleens of CD20 mAb– 
and ISO-treated aging mice (n = 6 or 7 per group). (A) Representative plots (left), relative abundances (middle), and cell numbers (right) of total B cells. (B) Representative 
plots (left) and relative abundances (right) of naive T cells, TEM cells, and TCM cells among CD4+ T cells. (C) Representative plots (left) and relative abundances of PD1+ cells 
among CD4+ T cells. (D) Relative abundances of IFN-γ+ cells among CD4+ T cells after 5-hour ex vivo stimulation. (E) Representative plots (left) and relative abundances 
(right) of TFH cells. All experiments were repeated at least twice. Statistical difference between two means was determined via a Mann-Whitney test. Data are means ± SEM. 
*P < 0.05 and **P < 0.01.
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kinase B (AKT) signaling axis driving the activation of the mammalian 
target of rapamycin (mTOR; fig. S12A). Phosphorylation of AKT at 
sites Thr308 and Ser473 is a key event required for the activation of 
mTOR, resulting in a cascade of events necessary for metabolic re-
programming of B cells (44). B2 cells from aged spleens displayed 
greater basal phosphorylation at the Thr308 AKT site and a trend 
toward increase at the Ser473 site, compared with young B cells 
(fig. S12, B and C). In contrast with the FOB population, CD11c+ 
T-bet+ ABCs displayed elevated basal phosphorylation of AKT at 
both sites (fig. S12, D and E), potentially supporting their increased 
metabolic demands, in line with previous findings (18). The forma-
tion of CD11c+ T-bet+ B cells is believed to be dependent on multiple 
stimuli, including Toll-like receptor (TLR), B cell receptor (BCR), and 
IL-21/IFN-γ cytokine signals (21). In vitro stimulation of B cells with 
these stimuli (ABC stim) resulted in increased expression of the Insr 
(fig.S12F). Furthermore, supplementing ABC stim B cells with insulin 
marginally expanded in vitro generation of CD11c+ T-bet+ B cells and 
boosted their production of T cell–modulating proinflammatory 

cytokines IFN-γ, tumor necrosis factor–α (TNFα), and IL-2 (fig. S12, 
G and H). Thus, B cell activation and subsequent up-regulation of 
the InsR may reflect a greater need for insulin consumption, which acts 
via the Akt signaling pathway to promote the generation of CD11c+ T-
bet+ ABCs.

To test the role of InsR signaling in age-related B cell dysfunction, 
we generated and aged mutant mice in which B cells specifically 
lacked the InsR (CD19 Cre+/− InsRFL/FL; B-InsRFL mice) and 
compared them with age-matched WT Cre controls (CD19 Cre+/− 
InsRWT/WT; B-InsRWT mice). We first examined the effects of 
B cell–specific InsR ablation on aged splenic T cells. Although the 
frequency and number of total T cells remained unchanged, we 
observed a decrease in the proportion of CD4 T cells and an in-
creased proportion of CD8 T cells in aged B-InsRFL mice (fig. S13, 
A and B). In both the CD4 and CD8 T cell compartments, we 
observed an increased proportion of naive T cells and a reduction 
in the proportion of TEM cells in the spleens of aged B-InsRFL mice 
(Fig. 6A and fig. S13C). These findings were further accompanied 

Fig. 5. Aged B cells have stronger capacity for altering the CD4 T cell compartment. (A to E) Flow cytometric assessment of splenic T cells after B cell and naive T cell 
coculture experiment in the presence and absence of an anti-CD3 stimulant for 48 hours (n = 4 to 12 per group). (A) Frequency of Nur77+ cells among CD4+ T cells. (B) 
Frequency of Ki67+ cells among CD4+ T cells. (C) Frequency of CD38+ cells among CD4+ T cells. (D) Frequency of PD1+ cells among CD4+ T cells. (E) Frequency of CD44− 
CD62L+ cells among CD4+ T cells. (F to I) Flow cytometric assessment of splenic T cells from recipient young μMT mice after transfer with aged B cells or young B cells (n = 4 
per group). (F) Representative flow cytometry plots showing reconstitution of CD19+ B220hi B2 cells. (G) Representative plots (left) and relative abundances (right) of naive 
T cells, TEM cells, and TCM cells among CD4+ T cells. (H) Representative plots (left) and relative abundances (right) of PD1+ cells among CD4+ T cells. (I) Representative plots 
(left) and relative abundances (right) of TFH cells. All experiments were repeated at least twice. Statistical difference between two means was determined via a Mann-
Whitney test. Data are means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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by a decrease in the frequency of PD1+ T cells (Fig. 6B and fig. 
S13D) and a trend toward decreased IFN-γ+ T cells and TFH cells 
in the spleen, whereas Treg cells remained unchanged (fig. S13, E and 
F). Similar changes in memory and naive T cells were observed 
among hepatic T cell subsets and lung CD8 T cells in aged B-InsRFL 
mice (fig. S13, G to L), and these findings were once more observed 

to be independent of any changes in thymic involution or thymo-
cyte number (fig. S13M).

We next assessed parameters of age-related decline in aged 
B-InsRFL mice compared with B-InsRWT controls. Despite no changes 
in body or organ weights (fig. S14, A and B), aged B-InsRFL mice 
displayed improvements in 31-index frailty scoring (Fig.  6C and 

Fig. 6. B cell–intrinsic InsR and MHCII-mediated antigen presentation contributes to the aging of the CD4 T cell compartment. (A and B) Flow cytometric assess-
ment of T cells from spleens of aged B-InsRFL and B-InsRWT mice (n = 10 to 13 per group). (A) Representative plots (left) and relative abundances (right) of naive T cells, TCM 
cells, and TEM cells among CD4+ T cells. (B) Relative abundances of PD1+ cells among CD4+ T cells. (C) 31-Index frailty scores over time of aged B-InsRFL and B-InsRWT mice 
(n = 8 to 14 per group). (D) GTT (left) and ITT (right) results of aged B-InsRFL and B-InsRWT mice (n = 6 to 10 per group). (E) Survival curves from aged B-InsRFL and B-InsRWT 
mice (n = 17 or 18). (F and G) Flow cytometric assessment of B cells from spleens of aged B-InsRFL and B-InsRWT mice (n = 5 to 13 per group). (F) Relative abundances (left) 
and cell numbers (right) of CD11c+ T-bet+ B2 cells. (G) Representative plots (left) and MFIs (right) of MHCII in B2 cells. (H and I) Flow cytometric assessment of B cells in 
young and aged splenic cells (n = 6 per group). (H) Representative plots (left) and MFIs (right) of MHCII in total B cells. (I) MFIs of MHCII in B1 and B2 cell subsets. (J to L) Flow 
cytometric assessment of splenic B and T cells of chimeric mice containing 80%:20% ratios of either μMT bone marrow + MHC-II−/− bone marrow (B-MHCIIΔ mice) or μMT 
bone marrow + WT bone marrow (B-WT mice) (n = 4 per group). (J) Representative plots (left) and MFIs (right) of MHCII in total B cells. (K) Representative plots (left) and 
relative abundances (right) of naive T cells, TEM cells, and TCM cells among CD4+ T cells. (L) Relative abundances of PD1+ cells among CD4+ T cells. Data are means ± SEM. 
All experiments were repeated at least twice. Statistical difference between two means was determined via a Mann-Whitney test. Log-rank (Mantel-Cox) test was used for 
statistical analysis for survival curves. *P < 0.05, **P < 0.01, and ***P < 0.001.
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fig. S14E), glucose and insulin tolerance (Fig. 6D), grip strength 
(fig. S14C), and hepatic Cdkn2a and Inos expression (fig. S14D), as 
well as an increase in longevity (Fig. 6E), findings that are in line 
with a restored adaptive immune compartment (45).

To better understand how the InsR controls the aged B cell com-
partment, we surveyed the effects of InsR ablation on aged splenic 
B cell subsets and found no alterations to total B cell frequency 
and cellularity (fig. S15A). However, in the B cell compartment, we 
observed a marginal decrease in the proportion of B2 cells concom-
itant with an increase in the proportion of B220lo/− cells (fig. S15B). 
InsR-deficient B2 cells failed to express typical levels of CD23 
(fig. S15C), expression of which has also been linked with the ability 
to activate T cells (46, 47). Although we were therefore unable to 
define aged B2 cell subsets on the basis of expression of CD21 and 
CD23 (fig. S15D), we observed a marked decrease in the propor-
tions and cellularity of CD11c+ T-bet+ B2 cells in B-InsRFL mice 
compared with B-InsRWT controls (Fig. 6F). Furthermore, class 
switch recombination subsets remained unchanged in InsR-deficient 
B2 cells at baseline (fig. S15E). We observed a decrease in MHCII 
expression (Fig. 6G) in aged B-InsRFL mice, suggesting a potential 
decline in their ability to stimulate CD4 T cells. Conversely, B2 cells 
from B-InsRFL mice showed no difference in MHCI levels compared 
to controls (fig. S15F), indicating that additional mechanisms may 
be involved in modulation of the CD8 T cell compartment.

B cells modulate age-related CD4 T cell compositional 
changes via MHCII
To assess whether lower levels of MHCII observed in B-InsRFL mice 
could contribute to T cell aging phenotypes, we first examined MHCII 
expression in WT mice. Compared with young B cells, aged WT 
B cells displayed increased up-regulation of pathways and machin-
ery related to T cell activation and antigen presentation (Fig. 6, H 
and I, and fig. S16, A to D). Aged B2 cells in particular displayed 
a marked increase in MHCII expression (Fig. 6I). To directly test 
whether expression of MHCII could be one mechanism by which 
InsR action on B cells altered the T cell compartment during aging, 
we used a mixed bone marrow chimera strategy to generate mice in 
which B cells lacked expression of MHCII (B-MHCIIΔ mice). Brief-
ly, 11-month recipient mice were irradiated and subsequently re-
constituted with bone marrow containing 4:1 ratios of μMT bone 
marrow and either MHCII−/− (B-MHCIIΔ) or WT bone marrow 
(B-MHCIIWT). At 3 to 4 months postreconstitution, overall splenic 
B cell proportion and cellularity remained unchanged, but B cells 
from B-MHCIIΔ mice displayed a substantial loss in MHCII expres-
sion (Fig. 6J and fig. S17, A to C). Loss of B cell–specific MHCII was 
associated with a decrease in the frequencies of ABCs, IgM+ IgD−, 
and IgM− IgD− B cells, as well as a decrease in the proportion and 
cellularity of CD11c+ T-bet+ B2 cells (fig. S17, D to F).

Although the proportion of total T cells remained unchanged, 
B-MHCIIΔ mice displayed a decrease in overall T cell cellularity 
(fig. S17, G and H). Further evaluation of the splenic CD4 T cell 
compartment unveiled an increase in proportion of naive CD4 T cells 
and a decrease in the proportions of TEM and PD1+ T cells in B-MHCIIΔ 
compared with B-MHCIIWT mice (Fig. 6, K to L). B-MHCIIΔ mice 
also displayed a decrease in the proportion of TFH cells (fig. S17, I 
and J). In the CD8 T cell compartment, only a decrease in TCM cells 
was observed, whereas naive, TEM, and PD1+ cells remained unchanged, 
suggesting that B cell–mediated changes in CD8 T cells may occur 
in part independently of alterations to the CD4 T cell compartment 

(fig. S17, K to L). Overall, these data suggest that B cell–associated 
MHCII, which is induced by InsR signaling across the mouse life 
span, is a key factor that can drive compositional and phenotypical 
changes in CD4 T cells with age.

DISCUSSION
Existing models of T cell immunosenescence speculate that age-
associated thymic involution results in decreased generation of naive 
T cells, which are subsequently forced to undergo epigenomic altera-
tions to sustain their numbers in the periphery, yet consequently 
develop maladaptations linked with increased inflammatory change 
and susceptibility toward terminal differentiation (8, 11, 12). Ac-
cordingly, an aged T cell compartment displays an overabundance 
of expanded memory, senescent-like, and exhausted T cell subsets 
associated with clonal restriction. However, this differentiation from 
a naive state appears to be directly influenced by cellular and secreted 
mediators present in the aged environment, although their identities 
remain largely unknown (43). Here, through various methods of 
B cell manipulation, we show that B cells are one such cell type that 
contributes to this differentiation process. Mice lacking B cells dis-
played an increase in naive T cell abundance and a decrease in various 
differentiated T cell subsets into old age.

Transcriptionally, T cells isolated from aged B cell–deficient mice 
displayed a reduction in mediators and intercellular pathways regulat-
ing these processes and had a diverse TCR that resisted clonal restric-
tion. Naive T cells from B cell–deficient mice also displayed decreased 
expression of pSTAT5, signaling through which has been documented 
to drive intrinsic changes in aged naive CD4 T cells at the epigenomic 
level (11), and displayed strong activation responses upon in vitro stim-
ulation, an ability typically lost with age (48). These findings suggest 
that a lack of B cells across the life span may shield naive T cells from 
undergoing signaling linked to immunosenescence. Adoptive trans-
fer of aged B cells in vivo or coculture with naive T cells in vitro was 
found to skew CD4 T cells away from naive states. These findings 
cumulatively suggest that instead of an expansion of naive T cells in 
B cell–deficient mice, their increase in abundance is likely linked with 
increased quiescence and decreased activation.

Accordingly, our models of B cell deficiency demonstrate that 
B cells can influence overall decline in health-span parameters with 
age. Aged B cell–deficient mice displayed improvements in meta-
bolic parameters, senescence, fibrosis, frailty, and life span. CD20 mAb 
therapy has previously been demonstrated to confer metabolic 
improvements in aged mice, notably by restoring glucose homeo-
stasis, insulin sensitivity, and adipose tissue lipolysis (38, 49). In 
addition, immunoglobulin G (IgG) may function as an aging factor 
that promotes adipose tissue dysfunction and metabolic decline 
(50,  51). Here, we expand upon the potential mode of action of 
CD20 mAb therapy and demonstrate that targeted depletion of 
B cells, given in late adulthood in mice, can slow aging of the sys-
temic T cell compartment, most notably preventing the formation 
of TEM cells and conserving the naive T cell pool. However, it is 
important to note that CD20 mAb treatment does not deplete ter-
minally differentiated antibody-secreting cells, which accumulate 
with age and produce proinflammatory cytokines, particularly in 
the bone marrow (20, 52). In addition, the bone marrow is a niche 
for memory T cell survival and quiescence (53, 54), and it remains 
to be determined whether B cell depletion therapies can also mod-
ulate this pool of T cells.
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Evaluation of mechanisms that define aging features in the B cell 
compartment led us to identify B cell–specific InsR signaling as an 
environmental trigger. Ablation of B cell–specific InsR in aged mice 
resulted in changes in the relative abundances of various B cell sub-
sets, a reduction in CD11c+ T-bet+ B cells, and a T cell compartment 
that resisted alterations in composition typically observed in aged 
conditions, concurrent with improvements in longevity and health-
span parameters. CD11c+ T-bet+ B cells have previously been dem-
onstrated to form from nucleic acid sensing via TLR7/9, ligation of 
the BCR, IL-21, and IFN-γ cytokine signaling (21, 22). Here, we identify 
InsR signaling as an additional environmental trigger that supports 
the formation of CD11c+ T-bet+ B cells. Given that ABCs have greater 
metabolic needs, it seems likely that InsR signaling facilitates meta-
bolic processes, such as glycolysis, to support their expansion and 
proinflammatory cytokine output. Consistently, in T cells, InsR sig-
naling promotes T cell inflammatory output by boosting their cel-
lular metabolism (55).

We found that an absence of B cells or deletion of their InsR re-
sulted in a decline in IFN-γ+.T cells, as well as IL-21–secreting PD1+ 
CD4 T cells, suggesting that the presence of aged B cells likely forms 
a positive feedback loop whereby T cell–derived cytokines such as 
IL-21 and IFN-γ continue to support CD11c+ T-bet+ B cell expan-
sion in congruence with TLR7/9, BCR, and InsR signals. Similar 
B–CD4 T cell circuits govern instances of humoral responses (56). 
In line with this idea, lack of MHCII expression in B cells decreased 
the relative abundance of PD1+ CD4 T cells with age and addition-
ally limited the expansion of CD11c+ T-bet+ and class-switched 
IgM− IgD− B2 cells. Improvements in age-associated metabolic dis-
ease parameters were also observed in mice in which Treg cells specifi-
cally lacked the InsR (57), positing that insulin signaling may exert its 
anti-longevity effects via multiple immune cells.

Aged B cells display increased expression of antigen-presenting 
molecules, costimulatory molecules, and associated signaling path-
ways. Specific ablation of MHCII from B cells shielded the CD4 T cell 
compartment from age-associated phenotypic and compositional 
changes, and our findings suggest the presence of an InsR–B cell–
MHCII axis involved in directly evoking CD4 T cell immunosenes-
cence. Although B cells could exert influence on both CD4 and CD8 
T cells in our μMT, anti-CD20 mAb, and B-InsRFL models, more work 
is needed to understand how B cells drive compositional changes in 
the CD8 T cell compartment. In both our in vitro and in vivo gain-
of-function experiments, aged B cells primarily skewed CD4 T cells 
away from a naive state. Furthermore, B-InsRFL mice did not display 
a similar decline in expression of B cell MHCI, and hence, these mech-
anisms promoting CD8 T cell immunosenescence may potentially occur 
also through indirect mechanisms, such as communication with an-
other cell type, or production of secretory mediators, such as anti-
bodies or cytokines (31, 58).

Collectively, our results support a model where intrinsic age-
associated environmental triggers, including InsR signaling, con-
tribute to aging features of the B cell compartment. Aging B cells 
thereby contribute to T cell immunosenescence, which results in 
part from T cell activation and proliferative stress, ultimately lead-
ing to loss of the naive T cell pool and TCR diversity and fueling the 
formation of a clonally restricted, inflammatory T cell compartment 
during aging. For CD4 T cells specifically, this process is influenced 
by B cell MHCII expression, which is modulated by B cell–specific 
InsR signaling across the life span. These results place nutrient sens-
ing by B cells and intercellular communication between B and T cells 

as key orchestrators of adaptive immune system aging, with the ca-
pacity to influence health span and longevity.

MATERIALS AND METHODS
Study design
The aim of the study was to investigate B cells in age-associated 
adaptive immune dysfunction and in health-span and life-span 
parameters. We used mouse models of B cell depletion, such as mice 
lacking a membrane-bound IgM displaying a B cell developmental 
arrest (μMT mice) and pharmacological depletion of B cells using 
anti-CD20 mAb, to study the role of B cells on CD4 T cell immu-
nosenescence and aging parameters. We also used mouse models 
with B cell–specific InsR ablation and mixed bone marrow chimeric 
mice in which B cells lacked expression of MHCII to understand 
mechanisms by which aging affects B cells that in turn affects T cells. 
Using flow cytometry, single-cell RNA sequencing, in vitro and 
ex vivo cultures, gene expression assays, and enzyme-linked immu-
nosorbent assay, we demonstrated a role for B cells in age-related 
reduction of naive CD4 T cells and associated differentiation toward 
immunosenescent T cell subsets and clonal restriction of TCR. With 
histology, physiological tests (e.g., metabolic tolerance tests and grip 
strength analysis), and a 31-point frailty index, we also assessed 
health span and life span in mouse models. All the experimental 
procedures were performed under the approval of Animal User Pro-
tocols by the Animal Care Committee at the University Health Net-
work. Please see the Supplementary Materials for additional details 
on study design.

Mice
C57BL/6J (000664), CD19-cre (006785), Insrfl/fl (006955), μMT 
mice (002288), and MHCII−/− mice (003584) were purchased from 
the Jackson Laboratory. CD19 cre+/− Insrfl/fl mice were generated 
in-house by intercrossing CD19-cre mice with Insrfl/fl mice. Mice 
were maintained in a pathogen-free, temperature-controlled, and 
12-hour light and dark cycle environment at the Toronto Medical 
Discovery Tower animal research facility. Female mice were used for 
experiments, unless otherwise specified. In-house generated mice 
from multiple litters and cages were used and randomized to ex-
perimental groups.

Immune cell isolation
Mice were euthanized using CO2 fixation before collecting organs, 
blood, and lymphoid organs. Spleens were processed into single-cell 
suspensions and filtered through a 40-μm cell strainer followed by 
hemolysis. Blood was collected in heparin (1000 U/ml, BioShop) by 
cardiac puncture after euthanasia or saphenous vein from live mouse 
and subjected to hemolysis for single-cell suspension. Thymuses 
were processed into single-cell suspensions and filtered through a 
40-μm cell strainer without hemolysis. Livers were perfused and 
dissociated using gentleMACS Dissociator (Miltenyi Biotec), as pre-
viously described (59). Lungs were perfused and digested with col-
lagenase IV (1 mg/ml, Sigma-Aldrich) for 1 hour at 37°C. Single-cell 
suspensions were isolated from lung and liver using Percoll density 
gradient centrifugation followed by hemolysis.

Flow cytometry
Single-cell suspensions from different mouse organs and blood were 
stained with Zombie ultraviolet dye (BioLegend) for viability at room 
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temperature for 20 min followed by Fc blocking with CD16/32 
(93, BioLegend) at 4°C for 20 min. For staining of intracellular 
cytokines, single-cell suspensions were stimulated with phorbol 
myristate acetate in the presence of Golgi Stop (eBioscience) for 
5 hours before surface staining. The cells were further stained with 
fluorophore-conjugated antibodies (table S2) for 30 min at 4°C in 
dark. Intracellular staining for most targets (table S2) was done for 
45 min at room temperature (RT) in the dark after fixation and per-
meabilization using Foxp3 staining buffer set (eBioscience). Phospho-
flow for pAKT staining was performed as previously described (60). 
Briefly, cells were stained with Zombie ultraviolet dye (BioLegend) 
for viability at room temperature for 2 min followed by Fc blocking 
with CD16/32 (93, BioLegend) at 4°C for 2 min. Surface markers 
were stained for 7 min at 4°C. Intracellular staining was done for 
pAKT-Ser473 (SDRNR, Invitrogen) and pAKT-pT308 (J1-223.371, 
BD Biosciences) for 45 min at RT in the dark after fixation and 
permeabilization overnight at 4°C using Foxp3 staining buffer set 
(eBioscience). The antibody concentrations were used according to 
the manufacturer’s recommendations. Cells were analyzed on LSR-
Fortessa X-20 at the Princess Margaret Hospital Flow Cytometry 
Facility, University Health Network (Toronto, Canada). All the raw 
data for flow cytometry were analyzed using FlowJo (v.10.7.1).

Gene expression assays
Total RNA was extracted from flash frozen cell pellets and organs 
using the RNeasy Mini Kit (QIAGEN). Reverse transcription was 
performed using the SensiFAST cDNA Synthesis Kit (Bioline). 
Quantitative polymerase chain reaction (qPCR) was performed on a 
QuantStudio 6 Flex Real-Time PCR system (Thermo Fisher Scien-
tific) using SYBR Green Master Mix reagent (Applied Biosystems). 
Samples were normalized to housekeeping genes HPRT, GAPDH, 
B2M, or ACTB. Relative changes in gene expression were calculated 
on the basis of the ΔΔCT method using the equation 2-ΔΔCT. Fold 
changes were presented in comparison with the control groups. See 
table S1 for primer sequences.

Enzyme-linked immunosorbent assay and Luminex
Cytokine concentrations for IL-2, IFN-γ, and TNFα were measured 
in the supernatant using BioLegend kits following the manufacturer’s 
protocol. Serum samples were sent to Eve Technologies for Mouse 
Cytokine/Chemokine 32-Plex Discovery Assay Array (MD32).

In vitro ABC generation
Spleens were processed into single-cell suspensions and filtered 
through a 40-μm cell strainer. B cells were purified from single-cell 
suspensions using the Pan B cell Isolation kit II (Miltenyi Biotec), 
and 200,000 cells per well were plated in a 96-well, U-bottom plate 
(Falcon) cultured in 200 μl RPMI 1640 (Wisent) supplemented with 
penicillin (100 U/ml, Sigma-Aldrich), streptomycin (100 mg/ml, Sigma-
Aldrich), l-glutamine (2 mM, Sigma-Aldrich), 2-mercaptoethanol 
(50 mM, Sigma-Aldrich), and 10% heat-inactivated fetal bovine serum 
(FBS; Wisent) with or without the following: R848 (500 ng/ml, Miltenyi 
Biotec), anti-mouse IgM F(ab′)2 fragment (1 μg/ml, BioLegend), IL-21 
(50 ng/ml, BioLegend), and insulin (100 ng/ml). B cells were cul-
tured for 48 hours before collection of the supernatant and cell pellet.

In vitro T cell culture assays
T cells and B cells were processed by negative selection magnetic 
bead separation from spleens of young and old mice for coculture as 

described in the Supplementary Materials. Naive T cells purified 
from spleens were assessed for in vitro functional assays as described 
in the Supplementary Materials.

Bone marrow chimeras
Eleven-month-old WT mice were irradiated with 950 cGy us-
ing a Cesium-137 irradiator (Gammacell 40 Exactor) and recon-
stituted with intravenous injections of 6,000,000 bone marrow cells. 
The following mixtures were obtained using 4- to 5-month-old 
donor mice: B-MHCIIΔ mice (80% μMT and 20% MHCII−/−) and 
B-WT mice (80% μMT and 20% WT). Bone marrow cells were 
obtained by flushing mouse femurs and tibias with phosphate-
buffered saline (PBS) using a 26-gauge needle, dissociated into 
single-cell suspension, hemolyzed, washed in PBS, and counted. 
Bone marrow chimeric mice were treated with Baytril drinking 
water for 2 weeks after bone marrow cell transfer and aged for 
3 to 4 months before sacrifice and immune cell assessment via 
flow cytometry.

Adoptive transfers
Young and aged B cells were purified from prepared WT splenocytes 
using the Pan B Cell Isolation Kit II (Miltenyi Biotec). Three-month-old 
μMT recipient mice received either donor 13 to 15 million B cells 
from young and aged WT mice. Recipient mice were euthanized 
7 to 9 days postadoptive transfer for assessment of immune cell 
composition via flow cytometry.

Histology
Tissue histology and analysis on mouse tissues are described in the 
Supplementary Materials.

Anti-CD20 mAb treatment
Fourteen- to 15-month-old C57BL/6J mice were injected intraperi-
toneally with anti-CD20 mAb (300 μg, SA271G2, BioLegend) or rat 
IgG2b, ISO antibody (300 μg, RTK4530, BioLegend), once every 
2 weeks for 12 weeks.

Metabolic tolerance tests
Metabolic tests were conducted as previously described (61). Mice 
were fasted overnight for GTTs and for 6 to 7 hours in the morning 
for ITTs. GTTs and ITTs were performed using 1.5 g of glucose per 
kg body mass and 0.5 U of human insulin per kg body mass via 
intraperitoneal injection. Blood glucose measurements were made 
at 0-, 15-, 30-, 60-, 90-, and 120-min time points with a glucometer 
(Contour next EZ).

Frailty scoring
Health span of mice was assessed using a 31-item frailty index to 
identify humane interventions and end points. The scoring was done 
every 2 months, starting at 18 months. The 31-item frailty index is a 
list of noninvasive clinical assessment of 31 potential deficits in aging 
mice that are scored 0, 0.5, or 1 based on the severity, which generates 
an average score for each mouse (37).

Grip strength assessment
Mouse grip strength was assessed using a grip strength test machine 
(Bioseb) following the manufacturer’s instructions. Grip strength 
was quantified as an average of three individual measurements from 
each mouse.
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T cell single-cell RNA and TCR sequencing analyses
Cell sorting and preparation
Cells from spleens of aged μMT and WT mice were prepared as de-
scribed above. Cells were blocked with Fc block CD16/32 (93) and 
stained with viability dye zombie aqua, CD45 (30-F11), CD3 (17A2), 
and CD19 (6D5) (BioLegend), using methods described above for 
surface staining. Live CD45+ CD3+ CD19− cells were sorted using a 
MoFlo Astrios Sorting Machine, at the Princess Margaret Hospital 
Flow Cytometry Facility, University Health Network (Toronto, Canada), 
and collected into Eppendorf tubes containing a 500-μl cushion of 
RPMI 1640 (Wisent) with 10% heat-inactivated FBS (Wisent). Sam-
ples were processed according to protocols for 5′ v2 chemistry with 
VDJ (T) library enrichment from 10X Genomics at the Princess 
Margaret Genomics Centre and sequenced on a NovaSeq 6000 in-
strument. Postsequencing, to align read and generate feature barcode 
matrices, raw data were subjected to the Cell Ranger pipeline -6.1.2. Cell 
Ranger outputs indicated the following yields: WT CD3+ cells: 8999 
cells with 7405 cells with productive VJ spanning pairs and μMT CD3+ 
cells: 8312 cells with 6268 cells with productive VJ spanning pairs.
TCR data integration and clonality analysis
To visualize the distribution of expanded T cell clones, the clonotype 
information from the 10× TCR sequencing analysis was merged 
with the final Seurat object metadata based on cell barcodes. This 
step linked each cell in the UMAP to its specific TCR clonotype ID. 
For the UMAP overlay plot, the size of each clonally expanded pop-
ulation (defined as clones with >2 cells) was represented by a circle. 
The position of this circle was determined by the average UMAP 
coordinate of all cells within that clone, and its size was scaled pro-
portionally to the number of cells in the clone.

The Wilcoxon rank sum test and Kolmogorov-Smirnov test were used 
to assess whether the distributions of clonally expanded cell populations 
between the WT and μMT cell populations were significantly different. 
In both cases, the distributions were deemed significantly different with a 
very low P value (P < 2.2 × 10−16), with the WT cells exhibiting greater 
clonal expansion across larger numbers of unique TCR clones.
iAge index and SenMayo score calculation
The inflammatory aging (iAge) index was calculated by multiply-
ing normalized and scaled gene expression with the corresponding 
coefficient of the gene in the iAge gene set (35). Cellular senes-
cence was scored using the AddModuleScore function in Seurat 
with the SenMayo gene set (36, 62, 63). Gene names in the gene 
set were converted to their mouse homolog. The Welch two-
sample t test was used to assess whether the distributions of cell 
scores between the WT and μMT cell populations were significantly 
different. In both cases, the distributions were deemed significantly 
different with a very low P value (P < 2.2 × 10−16). For details on 
processing, pathway analysis, and trajectory analysis, please refer to 
the Supplementary Materials.

Mined data analyses
Please see the Supplementary Materials for details on bioinformatics 
reanalysis of mouse young and aged B cell GeneRatio analyses (43).

Statistical analyses
Statistical difference between two means was determined via a Mann-
Whitney test (i.e., did not assume normal distribution), with GraphPad 
Prism Software Inc. (v.9.0.0) unless otherwise indicated. All data 
are presented as means ± SEM. Statistical significance was set at 
P < 0.05. *P < 0.05, **P < 0.01, and ***P < 0.001.

Supplementary Materials
The PDF file includes:
Materials and Methods
Figs. S1 to S17
Tables S1 and S2
Legends for data files S1 to S3
References (64–74)

Other Supplementary Material for this manuscript includes the following:
Data files S1 to S3
MDAR Reproducibility Checklist
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Editor’s summary
Immunosenescence is the gradual age-associated decline in immune system function that renders older adults more
susceptible to infection and disease. However, the mechanisms driving immunosenescence remain poorly understood.
Khan et al. found that B cell–deficient mice maintain a CD4 T cell compartment that resists age-related decline and
exhibit improved overall health, including an extended life span, compared with control mice. Aged B cell–deficient
mice displayed fewer signs of CD4 T cell immunosenescence, including more naïve T cells, enhanced activation
capacity, and reduced clonal restriction. These effects were mediated in part by B cell insulin receptor signaling and
MHCII, identifying a pathway through which aging B cells can promote CD4 T cell immunosenescence. –Claire Olingy
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