
O
B

E
S

IT
Y

 S
T

U
D

IE
S

 

Diabetes Volume 75, June 2026 911

Interrupting T-Cell Memory Ameliorates Exaggerated 
Metabolic Response to Weight Cycling
Jamie N. Garcia,1,2 Matthew A. Cottam,1,3 Alec S. Rodriguez,1 Anwar F. Hussein Agha,1

Heather L. Caslin,4 Nathan C. Winn,1,5 and Alyssa H. Hasty1,2,6

Diabetes 2026;75:911–924 | https://doi.org/10.2337/db25-0605

1Department of Molecular Physiology and Biophysics, Vanderbilt University, 
Nashville, TN
2VA Tennessee Valley Healthcare System, Nashville, TN
3Department of Surgery, Vanderbilt University Medical Center, Nashville, TN
4Department of Health and Human Performance, University of Houston, Houston, 
TX
5Division of Gastroenterology, Hepatology, and Nutrition, Department of Medicine, 
Vanderbilt University Medical Center, Nashville, TN
6University of Texas Southwestern, Dallas, TX

Corresponding author: Alyssa H. Hasty, alyssa.hasty@utsouthwestern.edu

Received 2 July 2025 and accepted 21 January 2026

This article contains supplementary material online at https://doi.org/10.2337/ 
figshare.31125079.

© 2026 by the American Diabetes Association. Readers may use this work 
for educational, noncommercial purposes if properly cited and unaltered. This 
publication and its contents may not be reproduced, distributed, or used for 
text or data mining, machine learning, or other similar technologies without prior 
written permission. More information is available at https://diabetesjournals.org/ 
journals/pages/license.

See accompanying article, p. 879.

Weight cycling has been demonstrated, in humans and 
animal models, to increase cardiometabolic disease 
and disrupt glucose homeostasis. Both obesity itself 
and weight cycling cause adipose tissue inflammation 
and metabolic dysfunction. Studies show that even af
ter weight loss, increased numbers of lipid-associated 
macrophages and memory T cells persist in adipose 
tissue and become more inflammatory on weight re
gain. This suggests that the immune system retains an 
obesogenic memory, which may contribute to the ele
vated inflammation and metabolic dysfunction associ
ated with weight cycling. We show that blocking the 
CD70–CD27 axis, critical for the formation of immuno
logic memory, decreases the number of memory T cells 
and T-cell clonality within adipose tissue after weight 
loss and weight cycling. Furthermore, although CD70−/− 

mice have metabolic responses to stable obesity similar 
to those of wild-type mice, they are protected from the 
worsened glucose tolerance associated with weight 
cycling. Our data are the first to support mitigating the 
metabolic consequences of weight cycling through an 
immunomodulatory mechanism. We propose a new 
avenue of therapeutic intervention targeting memory 
T cells to minimize the adverse consequences of weight 
cycling. These findings are timely, given the increasing 
use of weight-loss drugs, which may lead to more instan
ces of human weight cycling.

ARTICLE HIGHLIGHTS
• We aimed to address a critical gap in understanding

how persistent immune changes with weight cycling
contribute to worsened metabolic health.

• We wanted to determine whether disrupting immune
memory formation could prevent the accumulation
and reactivation of memory T cells in adipose tissue
and thereby protect against the metabolic dysfunction
associated with weight cycling.

• In targeting the CD70–CD27 axis, thereby inhibiting
T-cell memory formation, we were able to mitigate
the exacerbated glucose intolerance observed in
wild-type weight-cycled mice.

• This study highlights the potential to address the nega
tive metabolic effects of weight cycling through an immu
nomodulatory approach, offering a novel therapeutic
target by disrupting obesogenic immune memory.

Obesity is increasingly prevalent worldwide, contributing 
to a multitude of diseases including cardiovascular dis
ease, diabetes, and cancer. Weight loss (WL) is an effec
tive treatment (1); however, only ∼20% of individuals 
successfully maintain WL for an extended period of time 
(2). Instead, most individuals experience weight cycling 
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(WC), defined as bouts of WL and weight regain, for a signif
icant portion of their lives. Compared with stable obesity, 
WC further exacerbates metabolic disease (3–5). Despite the 
success of contemporary WL medicines, adherence to these 
drugs is currently <50% after 1 year of treatment (6–9), re
sulting in rapid weight regain. These clinical and real-world 
findings of weight rebound underscore the impetus for 
unraveling the mechanisms by which WC increases meta
bolic disease risk.

Adipose tissue (AT) inflammation and immune cell in
filtration are central features of the metabolic dysfunction 
of obesity (10). The AT environment is characterized by a 
collection of both innate and adaptive immune cells, the 
numbers and profiles of which dynamically change in re
sponse to obesity (11). Lean AT contains anti-inflammatory 
immune cells such as tissue-resident macrophages, regula
tory T cells (Tregs), and T helper (Th2) cells, all of which 
contribute to the maintenance of AT homeostasis. Obesity 
leads to the accumulation of proinflammatory immune cells 
such as lipid-associated macrophages and CD8+ T cells. This 
hyperinflammatory state promotes the development of in
sulin resistance and systemic glucose dysregulation (12). 
CD8+ T cells are implicated in obesity-induced insulin resis
tance (13), and conserved T-cell receptor (TCR) sequences 
have been identified on clonally expanded CD8+ T cells in 
obese AT (14–17). Therefore, there is strong evidence sup
porting the concept of obesogenic memory (15,16,18–21). 
Although much work has characterized the immune cell 
niche in obese AT, less is known about the immune cell pro
file of AT in the context of WL and WC. After WL, glucose 
tolerance and insulin sensitivity improve, but the proinflam
matory immune profile in AT remains (10,18,22,23). More
over, our previous work suggests inflammatory and memory 
populations increase with WL and weight regain and thus 
may contribute to the worsened glucose tolerance associated 
with weight regain (22,24,25).

T-cell memory, a crucial facet of adaptive immunity, 
involves the ability of specialized T cells to remember 
previously encountered pathogens to facilitate a rapid 
and more effective immune response on antigenic re- 
exposure. One costimulatory interaction that promotes 
T-cell memory formation is the CD27 receptor–CD70 
ligand axis (26). Binding of the costimulatory ligand 
CD70 (found on antigen-presenting cells [APCs]) to 
CD27 (on naive CD4+ and CD8+ T cells) leads to T-cell 
proliferation, activation, and memory formation (27). 
Obesity significantly increases the abundance of mem
ory T cells within AT (16,28,29), suggesting that the 
CD27–CD70 axis may be a new therapeutic target that 
can be leveraged in metabolic disease.

RESEARCH DESIGN AND METHODS

Ethics Statement
All procedures were approved in advance and carried out in 
compliance with the Vanderbilt University Institutional An
imal Care and Use Committee (Nashville, TN). Vanderbilt 

University is accredited by the Association for Assessment 
and Accreditation of Laboratory Animal Care International.

Animals and Experimental Design
CD70-deficient mice (CD70−/−) were obtained from R. 
Kedl (University of Colorado) and backcrossed 10 genera
tions onto the C57BL/6J strain. CD70 heterozygous mice 
were bred to generate wild-type (WT) and CD70−/− mice. 
WT littermates were used as controls. WT and CD70−/− 

mice were placed into one of four diet groups at 8 or 
9 weeks of age: lean, obese, WC, or WL.

Glucose Tolerance Testing
Mouse body fat and fat-free mass were measured using a 
nuclear magnetic resonance whole-body composition ana
lyzer (Bruker Minispec). Glucose tolerance tests were 
performed by oral gavage after a 5-h fast, as previously 
described (30).

Histology
Paraffin-embedded sections were stained with hematoxylin- 
eosin. Slides were imaged using a ×10 objective on a Le
ica DMI8 widefield microscope and captured with a Leica 
DFC9000GT camera. Adipocyte sizing was performed as 
previously described (22).

AT Stromal Vascular Fraction Isolation
Epididymal AT depots were excised, minced, and digested 
in collagenase. For flow cytometry applications, AT was 
digested in type II collagenase (cat. no. C6885; Sigma- 
Aldrich, St. Louis, MO), and for single-cell applications, AT 
was digested in type IV collagenase (cat. no. LS004189; 
Worthington Biochemical, Lakewood, NJ). Digested AT 
was then vortexed, filtered, lysed with ammonium–
chloride–potassium buffer, and refiltered, and single- 
cell sequencing was performed as previously described 
(22). Additionally, flow cytometry was performed as 
described below.

Single-Cell Sequencing
The stromal vascular fraction (SVF) from epididymal AT 
was incubated with anti-mouse Fc Block (BD Biosciences). 
For animals in obese and WC groups, the CD45+ fraction 
was isolated for single-cell RNA sequencing (scRNA-seq). 
Cells from each mouse were labeled with unique hashtag 
antibodies (TotalSeq-C; BioLegend) and anti-CD45 microbe
ads (cat. no. 130-110-608; Miltenyi Biotec). Biological repli
cates were pooled and sorted on the manual Miltenyi 
Biotec OctoMACS Separator. CD45+ cells were then la
beled for cellular indexing of transcriptomes and epito
pes sequencing (CITE-seq) using TotalSeq-C antibodies 
(BioLegend) for cell surface markers to identify major cell 
types. All immunolabeling was completed at a 1:200 dilu
tion for 20 min at 4°C in the dark. Next, cells were stained 
with DAPI for FACS, and DAPI− viable cells were collected 
for downstream processing and sequencing. All samples 
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from the obese and WC groups were submitted and proc
essed for sequencing on the same day to minimize batch 
effects. Sample preparation was conducted using the 5′ as
say for the 10X Chromium platform (10X Genomics), tar
geting 20,000 cells per diet group. In all, 50,000 reads per 
cell were targeted for PE-150 sequencing on the Illumina 
NovaSeq6000. Sample processing and sequencing were 
completed within the same run in the Vanderbilt Tech
nologies for Advanced Genomics core laboratory.

Another round of single-cell sequencing was performed 
on CD45+ cells isolated from the epididymal AT of lean 
and WL animals. The same procedure for isolating the 
SVF was followed as described above; however, the SVF 
was stained with CD45 (clone 30-F11; cat. no. 103137; 
BioLegend) antibody. The live CD45+ cells were isolated by 
gating on the DAPI− CD45+ fraction using the four-laser 
FACSAria III with BioProtect IV hood enclosure (Baker). 
Furthermore, in the WL AT, the SVF was also stained with 
CD4+ (clone RM4-4; cat. no. 116022; BioLegend) and 
CD8+ (clone 53-6.7; cat. no. 100707; BioLegend) antibod
ies. After DAPI− CD45+ sorting, the sample was also 
sorted for DAPI− CD45+ CD8+ CD4+ cells. The Chro
mium Next GEM Single Cell 5′ HTv2 kit from 10X Geno
mics was used for both lean and WL samples and run on 
the NovaSeq 6000.

Single-Cell RNA-Seq Data Processing
Reads from newly generated scRNA-seq data were proc
essed using CellRanger (version 7.0.1). For initial quality 
control of droplets, dropkick (version 1.2.7) (31) was 
used. Then, dropkick score, mitochondrial RNA content, 
total number of unique molecular identifier counts, and 
feature counts informed thresholding for each individual 
sample. All cells with >20% mitochondrial content 
were filtered. Doublet detection was performed using 
scDblFinder (32), and cells identified as doublets were 
filtered before downstream analysis. For ambient RNA 
estimation and correction, the R package SoupX (version 
1.6.2) (33) was used. Because SoupX requires clustering 
information to estimate the contamination fraction, each 
sample was independently processed using Seurat (version 
5.1) (34) with the NormalizeData, FindVariableFeatures, 
ScaleData, RunPCA, FindNeighbors, and FindClusters 
functions (35). SoupX-adjusted count matrices were 
then loaded into Seurat. For downstream analyses re
quiring Anndata objects, scDIOR (36) was used for ob
ject conversion, and analyses were performed in Python 
(version 3.11) using Scanpy (version 1.9.1) (37).

Dimensional Reduction and Data Integration
Linear dimensional reduction was performed using principal 
component analysis with the RunPCA function based on 
3,000 highly variable genes detected by the FindVariable
Features function. Thirty principal components were used 
for data integration. Concatenated data were integrated 
with Harmony (38). Linear dimensional reduction was 

performed using uniform manifold approximation and pro
jection (UMAP) with the RunUMAP function using default 
settings.

Reference Mapping and Label Transfer
Cells were annotated by mapping to a reference murine 
AT immune atlas (22). First, integration features were se
lected using the SelectIntegrationFeatures function, and 
transfer anchors were then identified using the Find
TransferAnchors function with 30 principal components 
in Seurat (version 5.1). Then, cell annotation labels were 
transferred using the TransferData function. To confirm 
the accuracy of cell type annotations, cells were first 
subset by coarse cluster labels and reclustered at higher 
resolution using the FindClusters function (resolution 
0.2–0.5). Then, the FindMarkers function was used to 
identify the top differentially expressed markers for 
each subcluster and compare markers with transferred 
labels. Additionally, cell type labels were evaluated for 
established cell subtype markers (Supplementary Fig. 1). 
Specific AT T-cell subsets were identified by expression 
of conventional T-cell markers (Cd3ε, Cd4, and Cd8b1), 
phenotype markers (Foxp3, Cxcr3, Ccr7, and Sell), and 
markers of cell cycling (Stmn1 and Pclaf) (Supplementary 
Fig. 2).

Differential Abundance Analysis
Differential abundance testing was performed using MiloR 
(version 2.20) (35). Briefly, the Seurat object containing 
scRNA-seq results was converted to a SingleCellExperiment 
(39) object. In MiloR, cell neighborhoods were identified 
using the following parameters: k = 24, d = 30, and prop = 
0.02.

Differential Expression Analysis
For differential expression testing, a pseudobulk approach 
was used in which counts for cells belonging to each inde
pendent sample were aggregated. Then, edgeR (version 
4.4.1) (40) was used to perform differential testing. 
Briefly, normalization factors were calculated using the 
calcNormFactors function. Differential testing was per
formed using the glmQLFFit and glmQLFTest func
tions. Significantly differentially expressed genes were 
determined by an adjusted P value <0.05 and an abso
lute log2 fold change >1.

Immune Receptor Data Processing
Filtered and annotated contig files from CellRanger (ver
sion 7.0.1) were imported into R and filtered for contigs 
with productive TCRs. In instances where more than one 
TCR was observed for a cell barcode, the TCR with the 
most captured reads was retained. Sequenced TCR nucleo
tide data were imported into the Seurat object metadata 
for downstream plotting.
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Flow Cytometry
The SVF was isolated as above and incubated with Fc 
Block before staining with cell-specific antibodies (Supple- 
mentary Table 1). Cells were then washed and stained 
with DAPI immediately before analysis. Data were col
lected on a Miltenyi Biotec MACSQuant10 and analyzed 
using FlowJo. The flow gating strategy is shown in Supple- 
mentary Fig. 3.

Statistical Analyses
One- or two-way ANOVA models were conducted with 
pairwise comparisons using Tukey or Sidak correction. 
Brown-Forsythe correction was applied to groups with un
equal variance. Data are presented as mean ± SE. An ad
justed P value of <0.05 was used to determine significance. 
Statistical analyses were performed using GraphPad Prism 
(version 10.6).

Data and Resource Availability
Data from Fig. 1 (22) are available at GSE182233. Both 
the raw and processed scRNA-seq and V(D)J sequencing 
data in this study have been submitted to the National 
Center for Biotechnology Information Gene Expression 
Omnibus (GEO) and will be made available before publica
tion. The GEO accession number is GSE287246.

RESULTS

CD8+ Memory T Cells Are Increased in AT of Mice 
During WL and WC
To assess the impact of WL and WC on T-cell memory 
formation in AT, we analyzed our scRNA-seq data (22) 
from male mice that had undergone 9-week cycles of high- 
(HFD) and low-fat diet (LFD) feeding to create models of 
obesity, WL, and WC, as previously reported (22,24). Drop
let-based scRNA-seq coupled with CITE-seq was conducted 
on CD45+ cells extracted from the epididymal AT of four 
mice from each of the diet groups. A total of 33,322 single 
cells passed quality control and were categorized into 32 
unique clusters and annotated using SingleR (41). Identi
ties were confirmed via gene expression, as previously de
scribed (22). These clusters are shown in Fig. 1A and B. Six 
unique T-cell subclusters were identified in the single-cell 
data set (Fig. 1C and D). Cycling CD8+ T cells expressed 
Stmn1 and Pclaf, which suggests these cells are highly pro
liferative with high expression of cell cycle genes (22). We 
also observed enrichment in CD8+ effector memory T (Tem) 
cells (Cxcr3) in obese and WL groups and an increase in 
central memory CD8+ T cells (Ccr7 and Sell) in the WC 
group as a proportion of the T-cell compartment. Memory 
populations had the greatest enrichment in WL and 
weight regain; therefore, a gene signature of T-cell mem
ory was also generated including genes such as Gzmk, 
Gzma, Ccl5, Ccr5, and Cxcr3 (42). This T-cell memory sig
nature was enriched in the CD8+ T cells from obese, WL, 
and WC mice as compared with lean controls (Fig. 1E), 

supporting our findings that memory T cells increase with 
WC.

Clonally Expanded CD8+ T Cells Are Enriched in AT 
During WL and WC
To better understand the development of T-cell memory, 
we performed V(D)J sequencing on the scRNA-seq sam
ples to recover paired α and β TCR chain information. 
This allowed us to determine the effects of WL and WC 
on T-cell clonality. To visualize clonal enrichment, cells 
were binned into groups based on their clonal size (i.e., 
the number of cells with matching clones). Clonal bin cat
egories included single clones (only one cell with a 
given clonotype; i.e., nonclonal), low clonal (represent
ing two cells with the same TCR clonotype), medium 
clonal (representing three to six cells with the same 
TCR clonotype), or high clonal (representing more than 
six cells with the same clonotype). Immunosuppressive 
Tregs had reduced clonality in obese, WL, and WC mice 
compared with lean mice (Fig. 2A). This lean-to-obese 
loss of Treg TCR clonality is consistent with published 
work (43), but the observation that Treg clonality is 
not recovered after WL is novel. There was an increase 
in CD8+ Tem cell clonality in obese compared with lean 
animals, in line with prior studies (17,43). CD8+ Tem 

cell clonality was not only retained in WL and WC mice 
but further increased in these groups compared with 
lean mice (Fig. 2A and B). The differential expression 
profile of high compared with low clonal cells across all 
diet groups indicates an increase in genes associated 
with immune cell activation state (Cd74, Dusp1, Cd20042, 
Itk, and Maf) (Fig. 2C). Interestingly, the most highly ex
pressed clonotype sequences among the CD8+ Tem cell 
population across all diet groups indicated that 60% of 
the top clones were from WL animals. These highly clonal 
cells also showed clear expression of T-cell memory genes 
such as Cxcr3 and Cd69 and at least some expression of 
Cd44 and Eomes (Fig. 2D). Differential expression of the 
high versus low clonal cells in the WL group showed upre
gulated expression of Spp1 (osteopontin), Fgl2 (fibrinogen- 
like protein 2), and Fabp4 (fatty acid–binding protein 4) 
(Fig. 2E). SPP1 is expressed in activated T cells and plays a 
role in coordinating T-cell immunity through interactions 
with other immune cell types, supporting its relevance in a 
memory-associated context (44). FABP4 has been shown to 
contribute to inflammatory responses by promoting the 
production of proinflammatory cytokines (45), suggesting 
that clonal T cells in the WL group may have retained in
flammatory potential. Taken together, these data suggest a 
role for obesogenic memory in the AT of WL and WC mice.

CD70 Is Required for Worsened Glucose Tolerance 
Caused by WC
CD8+ T-cell memory formation is guided by CD27–CD70 
costimulatory interaction. On antigenic stimulation, 
CD70 is transiently upregulated on APCs, resulting in 
the activation of CD27 signaling on CD8+ T cells, which 
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promotes immune memory and broadens the TCR rep
ertoire (46). The CD27–CD70 axis increases the number 
of effector T cells and contributes to memory formation 
by counteracting T-cell death during the contraction phase 
of adaptive immunity. We leveraged the memory formation 
function of the CD27–CD70 axis to test whether interrup
tion of this interaction prevents worsened metabolic out
comes with WC.

CD70−/− and WT mice were placed on a 27-week WC 
diet paradigm (Fig. 3A) to test whether interruption of 
the CD27–CD70 axis during weight regain ameliorates 

metabolic dysfunction. Body weight changed significantly 
over time, dependent on which diet (LFD or HFD) was 
consumed. At the end of the feeding paradigm, obese and 
WC groups had similar body weights (Fig. 3B). The WL 
group lost significant weight during phase 3 but remained 
slightly heavier than lean controls. The change in total 
body mass was not significantly different by genotype for 
lean, obese, WC, or WL conditions (Fig. 3B), indicating 
that loss of CD70 does not influence susceptibility to 
diet-induced weight gain or loss. Body composition was 
measured at the end of each diet phase to understand 

Figure 1—CD8+ memory T cells are increased in AT of WL and WC. A: Unbiased clustering of 24,156 single cells labeled broadly by cell- 
type category and colored by high-resolution cell type identities via UMAP. B: UMAP by diet group for lean, obese, WL, and WC mice. 
C: T-cell populations identified. D: Proportion of T-cell populations by diet group for lean, obese, WL, and WC mice. E: Memory gene ex
pression profile in T-cell populations by diet group for lean, obese, WL, and WC mice. NK, natural killer; Tcm, central memory T cell. 
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whether CD70 influences the distribution of body weight 
between fat and lean compartments. The change in fat 
mass was dependent on the diet consumed; mice consum
ing HFD had elevated fat mass relative to those fed LFD 
(Fig. 3C). As expected, a marked decrease in fat mass oc
curred in WC and WL groups when mice were switched 
from HFD to LFD (phases 2 and 3, respectively). At the 

end of phase 3, we found no differences between WT and 
CD70−/− mice in lean or WL groups. However, CD70−/− 

mice had lower fat mass in obese and WC conditions 
than WT littermates (Fig. 3D). To further characterize 
AT, we assessed adipocyte size at week 27 and found no 
differences in adipocyte size attributable to genotype 
(Supplementary Fig. 4). Lean body mass increased in 

Figure 2—CD8+ memory T cells are clonally expanded in obese AT. A: Clonally expanded T-cell populations by diet group for lean, obese, 
WL, and WC mice. Black circles denote CD8+ T cells; blue circles denote Tregs. B: Clonal frequency in CD8+ T-cell populations by diet 
group for lean, obese, WL, and WC mice. C: Differential expression of high vs. low clonal CD8+ T cells across all diet groups. D: Averaged 
expression of memory T-cell genes in top 10 most enriched AT CD8+ T-cell clonotypes organized by diet group in which they were identi
fied. E: Differential expression of high vs. low clonal CD8+ T cells in WL group only. NA, not applicable. 
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Figure 3— WC in CD70−/− mice. A: Male littermate C57BL/6J mice were fed LFD or HFD for indicated 9-week blocks over 27-week pe
riod. B: Weekly body weight over the course of 27 weeks for all diet and genotype groups; different letter indicates statistically significant 
difference. C: Fat mass at end of each diet phase. D: Fat mass of lean, obese, WL, and WC WT and CD70−/− at end of study. E: Lean 
mass at end of each diet phase. F: Lean mass of lean, obese, WL, and WC WT and CD70−/− at end of study. Two-way ANOVAs with geno
type and group (lean, obese, WC, and WL) as factors were run to determine statistical differences. *P < 0.05, **P < 0.01, ****P < 0.0001. 
Graphics generated via BioRender (BioRender.com). 
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mice fed HFD, but the magnitude of this increase was 
less than that of fat mass (Fig. 3E). Lean body mass de
creased in mice switched from HFD to LFD (WC and 
WL groups), and the degree of reduction was related to 
the starting lean mass before WL. At week 26, lean 
CD70−/− mice had slightly greater lean body mass than 
lean WT mice. No differences in lean mass were found be
tween obese, WC, and WL groups at the 26-week time 
point (Fig. 3F). These data show that CD70 has relatively 
minor effects on body composition during stable body 
weight maintenance, weight gain, WL, and WC.

Glucose tolerance was determined at 8, 17, and 26 weeks 
of the study for lean, obese, and WC conditions (Fig. 4A). 
These time points were selected because they represent 
steady-state adaptions to the 9-week phases of dietary in
tervention. In lean mice, loss of CD70 had no effect on glu
cose tolerance across 8, 17, or 26 weeks of study (Fig. 4B). 
Similarly, the obese condition did not show significant 
changes in glucose tolerance between genotype at 8 or 
17 weeks. However, a trend (P = 0.07) toward improve
ment in glucose clearance in obese CD70−/− mice at the 
terminal 26-week oral glucose tolerance test was ob
served (Fig. 4C). Glucose tolerance in the WC WT and 
CD70−/− mice was indistinguishable at weeks 8 and 17 of 
the diet paradigm (Fig. 4D). Remarkably, the CD70−/− 

WC mice showed a dramatic improvement in glucose tol
erance at 26 weeks as compared with WT mice, demon
strating that CD70 is necessary for the amplification in 
glucose intolerance caused by WC (Fig. 4D). Glucose 
area under the curve (AUC) was calculated to determine 
whether group × genotype interactions manifested at 
each diet phase. At week 8, WC mice were consuming 
HFD and showed worsened glucose tolerance than LFD- 
fed lean and obese groups (Fig. 4E). During phase 2 of 
the study, obese mice were switched from LFD to HFD, 
whereas the WC mice were in the WL phase. Glucose 
AUC was significantly greater in obese compared with lean 
and WC groups, with no changes by genotype (Fig. 4E). 
At week 26, a significant genotype × group interaction 
(P = 0.008) was demonstrated. A stepwise increase in 
glucose AUC was seen in WT mice when compared with 
lean, obese, and WC mice (Fig. 4E). Differences in fast
ing insulin across lean, obese, and WC groups were 
closely associated with body mass, independent of genotype 
(Supplementary Fig. 5). Taken together, these data show 
that WC amplifies glucose intolerance, emphasizing that a 
secondary challenge of HFD is necessary to elicit metabolic 
dysfunction. Loss of CD70 prevented this worsening of glu
cose tolerance. These data indicate that T-cell memory is 
causative in exacerbating glucose intolerance with WC.

Loss of CD70 Blunts the Increase of AT CD8+ T Cells
Previous work from our laboratory has shown that WC drasti
cally changes the immune cell milieu in AT. To determine 
whether differences in immune populations contribute to the 
improved glucose tolerance observed in CD70−/− WC mice, we 

next profiled the immune environment using droplet-based 
scRNA-seq on isolated CD45+ cells, as previously described 
(22). We compared immune profiles of epididymal AT depots 
from animals according to the paradigm depicted in Fig. 4A. 
Across the four sample groups (32 mice), a total of 154,816 sin
gle cells were identified and fell within 32 unique clusters 
(Fig. 5A). Representative UMAPs for each individual diet 
and genotype condition are shown in Supplementary Fig. 6. 
We did not observe significant differences in the proportion 
of macrophage or dendritic cell subpopulations between WT 
and CD70−/− mice across all four diet conditions (Fig. 5B 
and C). Differential gene expression analysis within these 
cell populations revealed some transcriptional differences 
between genotypes; however, no clear transcriptional signa
tures emerged to generally implicate these populations as 
primary drivers of the improved metabolic phenotype in 
CD70−/− mice (Supplementary Fig. 7). We observed that 
CD70−/− AT had significantly more CD4+ Th1 cells at the 
expense of CD8+ Tem and cycling CD8+ T cells in the obese, 
WL, and WC groups (Fig. 5D). Supporting this observation, 
flow cytometry analysis (Supplementary Fig. 8) confirmed a 
reduction in the percentage and total number of CD8+ 

T cells, as well as the percentage and total number of memory 
T-cell subsets, in CD70−/− mice compared with WT mice. Al
though not all trends were identical between the single-cell 
and flow data sets, the convergence on fewer CD8+ mem
ory T cells across both platforms provides protein-level 
evidence consistent with impaired memory formation.

To gain further insight into potential cell–cell interac
tions that may contribute to differences in AT function 
and glucose tolerance in obese and WC groups, we lever
aged a CellChat platform from the scRNA-seq data set 
(Fig. 5E). We defined a model in which 1) T cells were in
cluded in the interaction as receivers or senders, 2) the in
teraction was significantly different by genotype, and 3), 
the Δ between genotypes was compared between WC and 
obese mice to identify interactions that were significantly 
different. We observed that mice in the obese condition 
exhibited increases primarily in Notch-related signaling, 
whereas the WC group displayed enrichment in integrin- 
mediated signaling pathways and interferon-γ–associated 
interactions. Additionally, we detected chemokine signaling 
such as CXCL10 expression in monocytes and its predicted 
interaction with CXCR3 on T cells. This suggests increased 
recruitment of naive or central memory T cells into AT in 
the WC condition. Taken together, these data further sug
gest a role for obesogenic memory in the context of diet- 
induced obesity and WL.

Loss of CD70 Prevents Clonal Expansion of CD8+  

T Cells in WL
Memory formation persisted or further developed during 
the WL phase of our diet paradigm, which was coupled 
with a strong T-cell memory phenotype observed in WL 
AT (Fig. 5D). Therefore, we focused on T cells in the WL 
condition. Differential abundance analysis of WL mice 
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Figure 4—WC-induced glucose intolerance is corrected by loss of CD70 in C57BL/6J mice. A: Oral glucose tolerance tests (GTTs) were 
performed 1 week before diet phase changes for lean, obese, and WC groups. Glucose bolus (3.5 g/kg fat-free mass gavage) was deliv
ered after 5-h fast during the light cycle. B–D: Fasting and postgavage blood glucose was measured in lean (B), obese (C), and WC (D) 
groups at end of each study phase. E: Corresponding AUCs for lean, obese, and WC groups at end of each study phase. Two-way 
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showed that neighborhoods (defined by cells with similar 
transcriptional patterns) of T and B cells were decreased 
in CD70−/− AT (Supplementary Fig. 9), suggesting that 
immune memory formation was impeded. Changes in the 
stromal cell population might suggest improved remodel
ing with WL when CD70 is absent. To assess the role of 
T-cell memory formation in CD70−/− WL mice, the T-cell 
populations in epididymal AT from WL animals were en
riched for analysis. To obtain enough T cells, CD4+/CD8+ 

were first sorted, and 20,805 T cells containing immune 
receptors were assessed for scRNA-seq and clonal analysis 
(Fig. 6A). Representative UMAPs for WL and genotype 
conditions are shown in Supplementary Fig. 10. Sorted 
T cells from WL mice revealed a shift in T-cell populations 
marked by an increase in Th1 CD4+ T cells and a decrease 
in CD8+ T cells in CD70−/− mice as compared with WT 
animals, as previously observed (Fig. 6B). We additionally 
observed an overall decrease in T-cell clonality in CD70−/− 

as compared with WT mice (Fig. 6C). To further interro
gate these changes in clonality, cells were binned into one 
of three categories according to clonal size (single or 
nonclonal, low clonal [<56 clones], or high clonal [>56 
clones]). In WT mice, the low and high clonal popula
tions were primarily CD8+ Tem cells (Fig. 6D–F), consis
tent with our previous findings (Fig. 2). In contrast, 
CD70−/− mice displayed a shift from clonal dominance 
in the CD8+ T-cell population to clonal expansion in Th1 
CD4+ cells (Fig. 6G–I).

repeated-measures ANOVAs with time and genotype (WT vs. CD70−/−) as factors (B–D) and two-way ANOVAs with genotype and condi
tion (lean, obese, and WC) as factors (E) were run. Multiple comparisons were assessed with Tukey post hoc testing. Data are means ± 
SEs for 26–30 mice per group. *P < 0.05, ****P < 0.0001. Graphics were generated via BioRender (BioRender.com). 

Differential expression among the highly clonal Th1 
CD4+ cells isolated from AT of WL mice showed an in
crease in cytotoxic (Gzma and Gzmb) and chemoattractant 
genes (Ccl4, Ccl5, and Ccr8) (Fig. 6J). Differential expres
sion among CD8+ Tem cells under the same conditions 
showed an increase in cell cycle and proliferation genes 
(Ube2c, Ccnb2, and Birc5) (Fig. 6K). Taken together, the 
shift in immune populations observed in WL AT results 
suggests that CD70 is a critical player in AT immune 
memory formation. The shift toward a highly clonal Th1 
CD4+ population and away from CD8+ Tem cells may con
tribute to the metabolic protection observed in CD70−/− 

WC animals on the metabolic challenge of weight regain.

DISCUSSION

Obesity can drive memory T-cell responses, and we show 
that diet-induced WL does not eliminate T-cell memory. 
WL was associated with a marked increase in CD8+ T-cell 
memory, which may contribute to amplified metabolic 
stress on weight regain (or second HFD challenge). The 
results are worsened glucose tolerance and unresolved in
flammation. Using a mouse model of diet-induced WC, 
we show that 1) CD8+ T cells in AT of WT mice display 

increased clonality in obesity, WL, and WC; 2) inhibition 
of T-cell memory formation limits clonal expansion of 
CD8+ T cells in AT; and 3) loss of obesogenic memory ab
rogates metabolic consequences of WC but not of stable 
obesity.

Studies report that WC causes worsened glucose toler
ance compared with obesity alone (22,24,47). The clonal
ity of CD8+ T cells is increased in diet-induced obese AT, 
suggesting that CD8+ T cells in this tissue are primed by 
specific antigens. This increase in clonality is not only re
tained in WL and WC but further increased. This is partic
ularly interesting for the WL group because these mice 
are metabolically indistinguishable from their lean coun
terparts. CD70−/− WC animals demonstrated reduced 
CD8+ Tem cells, cycling CD8+ T cells, and CD8+ T-cell 
clonality as compared with WT animals. The observation 
that CD70−/− mice were protected only from the wors
ened metabolic consequences of WC, but not of stable 
obesity, suggests a role for CD70 in the development of 
obesogenic memory after WL and weight regain and, 
more importantly, indicates that inhibiting CD70 may 
confer some benefits for individuals who experience WC. 
To our knowledge, this is the first example of an interven
tion specific to WC. This is also one of the first examples 
in which blocking a component of T-cell memory forma
tion has proven to be beneficial in the context of meta
bolic disease. These findings highlight a potential new 
target for CD70 therapies in AT.

Antigen presentation is a critical step in both obesity- 
associated inflammation and memory formation, bridging 
the innate and adaptive immune systems that drive the 
metabolic defects associated with WC. Multiple cell types 
in AT, including macrophages, dendritic cells, B cells, and 
adipocytes, can function as APCs and most transiently ex
press CD70 on activation (48–51). Certain APCs have 
been shown to develop obesogenic memory themselves, 
through mechanisms distinct from those observed in the 
adaptive immune system (21,25). Because our studies 
used global CD70−/− mice, and the expression of CD70 in 
WT cells was transient, the specific APC type responsible 
for the reduction of immune memory and amelioration of 
worsened metabolic consequences of WC remains to be 
identified. Our previous work studying complementarity- 
determining region 3 of the TCR of clonal CD8+ T cells 
suggests that modification of proteins via negatively 
charged, highly reactive γ-ketoaldehydes called isolevu
glandins may be a strategy (17). More recent data high
light Cd1d-expressing cells that present endogenous 
lipid antigens to natural killer T cells, influencing inflammation 
and metabolic processes in obesity (52–55). Thus, the prolipid 
environment in obese AT facilitates the presentation of 
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lipid-enriched antigens to T cells, inducing T-cell memory. 
Uncovering the specific APCs involved and the antigens that 
promote Tem-cell proliferation and worsen glucose tolerance 
on weight regain is imperative to mitigating the health con
sequences of WC.

Figure 5—Loss of CD70 alters AT T-cell populations across diet groups. A: Unbiased clustering of 154,816 single cells labeled broadly by 
cell type category and colored by high-resolution cell type identities via UMAP. B: Macrophage proportions across diet and genotype 
groups. C: Dendritic cell proportions across diet and genotype groups. D: T-cell proportions across diet and genotype groups. E: Plots de
picting interaction numbers and interaction strength between immune cell subtypes in obese WT vs. CD70−/− (left) and WC WT vs. 
CD70−/− (right) mice. Arrows indicate communication direction and strength. KO, knockout; NK, natural killer. 

Interestingly, although robust obesogenic memory for
mation was not observed in CD70−/− mice, sequencing of 
T cells from WL mice and differential expression analysis 
showed an increase in highly clonal Th1 populations with a 
strong gene signature for cell proliferation, migration, and 
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Figure 6—Loss of CD70 blunts the increase in AT CD8+ T cells and clonal expansion during WL. A: Proportion of T-cell populations by 
genotype in WL AT. B: Clonal T-cell abundance by genotype in WL AT. C: Clonal T-cell counts in CD70−/− vs. WT adipose tissue. D–F: 
Density plots showing which T-cell subsets are most clonally expanded by genotype in WL AT: nonclonal (D), low clonal (E), and high 
clonal (F). G–I: Proportion of T-cell subsets in highly clonal groups by genotype in WL AT: nonclonal (G), low clonal (H), and high clonal 
(I). J: Differential expression of highly clonal CD4+ Th1 cells in CD70−/− vs. WT mice from WL AT. K: Differential expression of highly 
clonal CD8+ Tem cells in CD70−/− vs. WT mice from WL AT. 
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chemoattraction relative to WT mice, especially in the Th1 
compartment. The interaction between APC CD70 and 
T-cell CD27 is well established; however, these data may 
also suggest that CD70 (intrinsically or more broadly 
throughout the system) affects CD4 T-cell activation. Inter
estingly, CD70 is also expressed on CD4 and CD8 T cells, 
and CD70−/− CD4 T cells have been shown to have higher 
cytokine production and proliferation (56). In contrast, our 
data suggest that CD4 (and Th1 specifically) correlates 
with improved glucose tolerance after weight regain, and 
therefore, future studies should assess not only the direct 
effect of CD8+ Tem cell inhibition but also the regulatory 
role of Th1 cells in mediating glucose tolerance with WL 
and regain.

Much remains to be explored regarding the temporal 
window in which T-cell memory formation is crucial for 
the metabolic benefits we have observed. Using whole- 
body knockouts, our current studies are unable to answer 
this question. Future studies are required to investigate 
whether depleting CD70 during the early phase of the WL 
period (weeks 9–12 of diet) or the early phase of weight 
regain (weeks 18–21 of diet) better confers improved glu
cose tolerance. Alternatively, APC-specific CD70-knockout 
mice could be used to better address this question, be
cause whole-tissue metabolism may be affected by cell 
depletion alone or by the altered phenotype of the im
mune cell.

In summary, blunting obesogenic memory mitigates 
the metabolic consequences of WC, underscoring the 
critical role of immune memory in obesity. Given the 
complexity of obesity, a multipronged approach is essential 
for treating its various physiologic and metabolic effects. 
We highlight targeting immune memory as a component 
of improving metabolic outcomes. Taken together, our 
findings support a novel pathway to reduce the detrimental 
effects of WC, which may advance therapeutic strategies 
for obesity management.
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