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Adipose tissue inflammation is a driving factor for the development of obesity-associated
metabolic disturbances, and a role of adipose tissue T cells in initiating the pro-
inflammatory signaling is emerging. However, data on human adipose tissue T cells in
obesity are limited, reflected by the lack of phenotypic markers to define tissue-resident
T cell subsets. In this study, we performed a deep characterization of T cells in blood and
adipose tissue depots using multicolor flow cytometry and RNA sequencing. We identi-
fied distinct subsets of T cells associated with obesity expressing the activation mark-
ers, CD26 and CCR5, and obesity-specific genes that are potentially engaged in activating
pro-inflammatory pathway, including ceramide signaling, autophagy, and IL-6 signaling.
These findings increase our knowledge on the heterogeneity of T cells in adipose tissue
and on subsets that may play a role in obesity-related pathogenesis.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Chronic, low-grade inflammation originating in adipose tissue
and reflected in the circulation represents a key mechanism
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for obesity-induced insulin resistance. Emerging evidence from
experimental model systems suggests early accumulation and
immunological influence of T cells in adipose tissue inflammation
[1, 2]. CD4+ and CD8+ T cells are important components of the
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adaptive immune system and can be classified into distinct func-
tional subsets based on variation in expression of surface recep-
tors, transcription factors, and cytokine secretion profile. CD4+

T cells exist as immunosuppressive regulatory T cells (Tregs), T
helper effector cells (Th1, Th2, Th17), and T follicular helper
(Tfh) cells, whereas CD8+ T cells differentiate into memory and
cytotoxic T lymphocytes upon activation with high killing capac-
ity through granule release [3, 4]. Antigen-experienced CD4+ and
CD8+ T cells, such as central and effector memory cells (TCM

and TEM, respectively), take part in surveilling circulation, lymph
nodes, and peripheral tissues. In tissues, TEM can further differ-
entiate into tissue-resident memory T (TRM) cells upon antigenic
stimulation that permanently reside in tissues through adapta-
tions and interactions with other tissue-resident cells [5].

In mice, lean adipose tissue is enriched with anti-inflammatory
T cells, whereas obesity induces a shift towards Treg depletion
and accumulation of pro-inflammatory CD4+ T cells and cyto-
toxic CD8+ T cells, predominantly in the visceral adipose tissue
(VAT) compared with the subcutaneous adipose tissue (SAT) [1,
2, 6]. In humans, similar observations have been reported by
some [7, 8] but not by others [9, 10], underscoring the need for
confirmative studies. Phenotypically, TRM cells express canonical
tissue residency markers, such as CD69, CD49a, and CD103, and
as well as tissue-specific signature markers reflecting adaptations
to the microenvironment [5]. However, such markers defining T
cells residing in human adipose tissue are not well characterized,
limiting our current understanding of how T cell subsets may be
involved in obesity-related metabolic disturbances. Comparing
the phenotypic markers of T cells between blood and adipose
tissue from lean subject and people with obesity may improve
our understanding of the tissue-specific adaptations to obesity.
Studies report that weight loss effectively reduces the levels of
pro-inflammatory T cells [11], but the exact effects of body weight
changes on T cell composition and downstream signaling path-
ways are poorly understood. Here, we performed multicolor flow
cytometry and RNA sequencing on T cells from different cohorts
of patients with obesity and from lean controls to identify protein
and gene expression signatures in blood and tissue. We show
that T cells in blood and adipose tissue display distinct patterns
and identify unique subpopulations of T cells residing in adipose
tissue that may have a potential role in the pathogenesis of
obesity.

Results and discussion

Broad receptor profiling identifies distinct T cell
proteins in blood and adipose tissue

As an initial approach to identify adipose tissue-specific T cell sur-
face proteins, we performed a surface proteomics analysis using
the LEGENDScreenTM immunoprofiling kit on available CD3+ T
cells in blood and SAT (Fig. 1A, cohort 1). Several proteins were
expressed at various levels on the T cells in blood and adipose tis-
sue (Fig. 1B and C), and we also identified commonly expressed

proteins between the two compartments (Fig. 1C and Fig. S1).
Among the differentially expressed proteins, most were expressed
by a higher proportion of blood T cells, such as CD81, CD99,
CD100, CD162, CD205, and CD229, whereas CCR10 and CD279
(PD-1) were higher on SAT T cells (Fig. 1B and C). CCR10 has
been reported to regulate the maintenance and function of skin-
resident T cells [12], but a functional role on adipose tissue T
cells has not yet been described. The inhibitory protein, PD-1, is
expressed on activated T cells to mediate T cell exhaustion and
has been described as a tissue-resident T cell marker in human
pancreas [13]. Interestingly, its ligand, PD-L1, was recently linked
to reduced inflammation in human adipose tissue [14]. The com-
parison of LEGENDScreenTM proteins between blood and SAT
is potentially a powerful method to reveal tissue-specific T cell
markers. However, our analysis did not detect established tissue
residency markers, such as CD69 and CD103, as tissue-specific,
which indicated a limitation of this approach. This unexpected
finding may, at least in part, be explained by the fact that, due to
the high number of cells required in the surface proteome analy-
sis, each donor only provided sufficient cells for a limited number
of proteins, and each protein was only measured once, making the
results sensitive to both technical and biological variation. The
unmatched blood- and adipose tissue-derived donors may also
have impacted the findings.

Therefore, in a second approach, we applied multicolor flow
cytometry to investigate the expression of a selection of both
surface- and intracellular lymphocyte proteins on CD3+ T cells in
matched blood, SAT and VAT samples from 43 patients with obe-
sity class III (Fig. 1A, cohort 2). The experimental design did not
allow for inclusion of CD4 and CD8, thus limiting the current anal-
ysis to CD3+ T cells only. In contrast to LEGENDScreenTM, most
of the analyzed proteins were enriched on the T cells in adipose
tissue compared with in blood, including CD69 (Fig. 1D and Fig.
S2). Moreover, significant differences in expression pattern were
observed between SAT and VAT, demonstrating depot-specific pro-
tein signatures (Fig. 1D). In particular, CD49e, granzyme B, and
T-bet were identified as SAT-specific proteins, whereas VAT T cells
displayed increased levels of CD69, CD26 (DPP4), CD63, and
CCR5, proteins related to T cell activation [15, 16]. This points
to more activated T cells in VAT than in SAT, potentially reflecting
adaptations to a stressed VAT microenvironment. Due to the low
T cell resolution in this analysis, we cannot conclude whether the
observed differences reflect altered phenotypes on the cell per.se
or altered proportion of T cell subsets.

Bariatric surgery induces transcriptional changes in
circulating CD8+ T cells

To understand how weight loss affects T cells, we next performed
RNA sequencing on circulating CD8+ TEM cells, a subset that
traffic between circulation and inflamed tissues and has been
found altered in mice with diet-induced obesity [17]. The T cells
were obtained from peripheral blood of individuals with obesity,
paired before (obese) and one year after (post) bariatric surgery
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Figure 1. Broad characterization of T cells (A) Overview of study cohorts andmethods. EM, effectormemory. Pink line indicates paired samples. The
figure is partly created with BioRender.com (B) Heatmap depicting percentage of CD3+ T cells expressing the individual proteins in subcutaneous
adipose tissue (SAT) and peripheral blood (PBMC) (C) Flow cytometry histograms of modal protein expression on T cells in SAT and PBMC as well as
isotype control. Histograms display proteins highly expressed in both compartments (upper), highest in PBMC (middle), or highest in SAT (bottom).
sLeX, Sialyl LewisX (D) Box-and-whisker plots showing percentage of positive CD3+ T cells expressing the individual proteins in PBMC, SAT and
visceral adipose tissue (VAT) from individuals with obesity (n = 43). Line represents median and the whiskers represent the min and max value.
The Wilcoxon matched-paired sign rank test was used for comparison between groups. (*) indicates significant difference relative to blood unless
otherwise specified. **p < 0.01, ***p < 0.001. (E) PCA plot of 500 most variable genes in CD8+ effector memory T (TEM) cells from blood of lean subjects
(n = 5), and individuals with obesity before (n = 2) and one year after (n = 3) bariatric surgery. (F) Venn diagram showing differentially expressed
genes (DEGs) between the three patient groups. (G) Ingenuity Pathway Analysis (IPA) of top 20 out of 69 canonical pathways enriched in individuals
with obesity before (blue) and after (red) bariatric surgery. Pathways ordered by FDR. A selection of genes is listed for the top 3 obesity-enriched
pathways.

and from lean controls (lean) (Fig. 1A, cohort 5). Using princi-
pal component analysis (PCA) of the 500 most changed genes,
we observed that the three groups clustered separately, reflect-
ing transcriptional heterogeneity (Fig. 1E). The number of differ-
entially expressed genes (DEGs) was highest between obese and
post (1403) compared with the number of DEGs between lean and
obese (71) (Fig. 1F, Fig. S3A, and Table S1). Moreover, only 40
DEGs were both affected by obesity and normalized to lean state
after surgery (Fig. S3B). Together, these data suggest that the cir-
culating CD8+ TEM cell transcriptome is affected by weight loss,
but the transcriptional changes cannot be explained solely by the
difference in body weight. It is, however, important to acknowl-
edge the strength of using paired (post vs obese) versus unpaired

(lean vs obese) samples that eliminate interindividual variation
as a confounder, which may explain some of the discrepancies
between the lean and post group. Additionally, some of the dif-
ferences may be explained by dynamic changes that occur dur-
ing weight loss that may vary more than the static differences
between lean and obese state.

An Ingenuity Pathways Analysis (IPA) of DEGs before and after
surgery identified 69 pathways significantly activated in T cells
at either one of the time points, in which most were enriched
before rather than after surgery (Fig. 1G; Table S2). On top, we
found genes related to ceramide signaling, autophagy, and IL-6
signaling. These pathways are well known to be dysregulated in
obesity and metabolic diseases, and it was interesting that they

© 2022 The Authors. European Journal of Immunology published by
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Table 1. Clinical and biochemical characteristics of patient cohorts

Cohort 2 Cohort 3 Cohort 4

Obese Lean Obese Obese

Subjects 43 6 6 6
Gender (females) 69.8% (30/43) 50% (3/6) 100% 66.7% (4/6)
Age (years) 40 (19-65) 72 (61-84) 44 (22-61) 44 (23-55)
T2D 9/43 0/6 1/6 0
BMI (kg/m2) 38.8 (33.1-51.8) 22.5 (18.3-23.7) 42.6 (35.1-48.5) 40.7 (36.9-47.5)
Fasting glucose (mmol/L) 5.6 (4.4-11.4) 6.7 (5.4-10) 4.9 (4.6-6.8) 5.5 (5.3-6.1)
HbA1c (mmol/mol) 36 (29-95) 38 (28-67) 36 (32-49) 36 (34-39)
CRP (mg/L) 5 (1-16) 1 (1-30) 2.5 (1-21) 4 (1-20)
Insulin (mIU/L) 18.3 (5.2-63.5) 16.3 (4.7-30.7) 16.8 (6.6-32.4)
HOMA-IR 4.7 (1.1-18.3) 3.5 (1-9.3) 4.0 (1.6-7.9)
C-peptide (mmol/L) 1.1 (0.3-2.9) 0.9 (0.4-1.6)
Total cholesterol (mmol/L) 4.6 (2.5-8.3) 4.1 (3.1-7.0) 1.0 (0.7-1.7)
LDL (mmol/L) 3.1 (1.1-6.1) 2.5 (1.6-4.8) 2.5 (1.8-4.3)
HDL (mmol/L) 1.1 (0.6-2.0) 1.1 (0.9-1.8) 1.3 (0.8-1.6)
TAG (mmol/L) 1.6 (0.5-6.9) 1.2 (0.9-1.5) 1.4 (1-0-3.3)

Data are given as median (range). All circulating parameters are measured from fasting blood samples. F, females; T2D, type 2 diabetes; BMI, body
mass index; CRP, C-reactive protein; HOMA-IR, homeostatic model assessment of insulin resistance index; LDL, low-density lipoprotein cholesterol;
HDL, high-density lipoprotein cholesterol; TAG; triacylglycerol.

were also changed in the T cells themselves, suggesting a more
pro-inflammatory CD8+ TEM cell in obesity. Our findings coin-
cide with other studies demonstrating the importance of these
pathways for T cell responses in obesity [18, 19]. Moreover, the
activation of the anti-inflammatory pathways LXR/RXR activa-
tion and PPAR signaling [20] after bariatric surgery suggests a
switch back to an anti-inflammatory state following weight loss
(Fig. 1G). Together, we identified genes and related signaling
pathways that may be relevant for the pro-inflammatory T cell
responses in obesity. However, whether the identified genes are
drivers of T cell-induced inflammation warrants further investi-
gation. Moreover, using paired blood and adipose tissue samples
may reveal whether changes in the circulation are also reflected
in the adipose tissue.

Elevated levels of CD8+ but not CD4+ T cells in
adipose tissue from people with obesity

Having established that CD3+ T cells in VAT are phenotypically
distinct from those in SAT and that CD8+ TEM cells are modified in
circulation upon weight loss, we next performed multicolor flow
cytometry to compare the abundance and phenotype of T cells in
paired blood, SAT, and VAT samples from individuals with obesity
and in paired blood and VAT samples from lean subjects diagnosed
with intraductal papillary mucinous neoplasms (IPMN; a prema-
lignant pancreatic lesion found in otherwise healthy individuals)
(Table 1, cohort 3). Since obesity is known to promote changes
in the relative balance of pro- and anti-inflammatory T cells, we
characterized CD4+ T cells, Tregs, and CD8+ T cells (Fig. 2A).
The frequencies of T cell subsets in blood and VAT did not differ

significantly between the two patient groups, but a trend toward
less CD4+ T cells and Tregs and more CD8+ T cells was observed
in adipose tissue of the individuals with obesity (Fig. 2B). This is
similar to previous findings, although CD4+ T cell numbers have
been found elevated in obesity [7]. While no significant differ-
ences were found by us, it should be noted that the lean group had
considerably higher median age than the obese group (Table 1).
Similar to obesity, aging affects adipose tissue T cells and increases
the levels of CD4+ and CD8+ T cells [21], suggesting that the dif-
ferences in T cell frequencies would possibly have reached signif-
icance if the groups were of similar age.

People with obesity had higher frequencies of CD8+ T cells and
lower frequencies of CD4+ T cells in both adipose tissue depots
(only significant in SAT) compared with blood (Figure 2B). Inter-
estingly, no significant differences were found between the two
compartments among the lean subjects, indicating that the tissue-
specific differences in T cell subset distribution are more pro-
nounced in the obese state. Moreover, the CD4+ and CD8+ TEM

cells (CCR7-, CD45RA-; see Fig. S4 for details) were highest in
patients with obesity, and higher in the adipose tissue compared
with blood. This corroborates recent findings of increased mem-
ory T cell number in adipose tissue of obese mice [22] and may
indicate a higher presence of T cell-activating signals in adipose
tissue in obesity leading to the generation of TRM. Such environ-
mental cues may include local persisting antigens, inflammatory
signals, and nutrients, such as free fatty acids [23]. Sex hormones
may also regulate the differentiation and maintenance of TRM, as
recently shown for VAT-resident Tregs [24]. Comparing TRM in
men and women would be interesting, but should be the scope of
future studies, since in our cohort, patients with obesity consisted
only of women.

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 2. High dimensional profiling of T cell subsets in adipose tissue associated with obesity (A) Gating strategy to identify T cell subsets. Plots
showing one representative visceral adipose tissue (VAT) sample. (B) Percentages of CD4+ and CD8+ T cells out of total, live T cells and Tregs out
of CD4+ T cells in peripheral blood (PBMC) and VAT of lean subjects (n = 6) and PBMC, VAT and subcutaneous adipose tissue (SAT) of individuals
with obesity (n = 6). (C) Box-and-whisker plots showing percentage of CD4+ and CD8+ T cells expressing the indicated proteins in blood and
adipose tissue from the same individuals. Line represents median and whiskers represent min and max value. The Wilcoxon matched-paired sign
rank test was used for comparison between paired samples and The Mann-Whitney U test was used for comparison between the lean subjects
and individuals with obesity. (*) indicates significant difference between blood and adipose tissue in the same patient group, and (#) indicates
significant difference between lean and obese for the indicated tissue compartment. */#p < 0.05, **/##p < 0.01. (D) UMAP plot of T cells. CD3+ T cells
from VAT and blood from lean subjects and individuals with obesity were gated, barcoded, and down sampled. Colors indicate the origin of cells. (E)
UMAP plots showing expression intensities of 25 phenotypic markers. (F) Twenty-seven identified PhenoGraph clusters and donut plot visualizing
the fractions of each cluster out of the total T cell population. (G) Stacked bars showing proportions of lean- and obese-derived (top) and blood-
and VAT-derived (bottom) T cells within each cluster. (H) Selected PhenoGraph clusters displayed over UMAP embeddings showing obese-, lean-,
VAT-, and blood-enriched clusters. (I) Heatmap displaying Z-score transformed median fluorescence intensity (MFI) expression values for each of
the proteins within the 27 clusters. Color scale is determined for each column separately, based on the lowest and highest Z-score value for that
protein. The heatmap was clustered using the ward.D cluster method. Lineage marker annotations are based on expression of CD4, CD8 or double
negative (DN), CCR7, and CD45RA (J) Representative histograms showing modal expression intensities of indicated proteins in clusters that are
obesity-enriched (#26 and #20), shared (#18) or lean-enriched (#14, #17).
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Differences in protein expression on T cell subsets in
lean and obese visceral adipose tissue

To explore how obesity affects the phenotype of T cell subsets,
we investigated expression levels of the tissue-specific proteins
identified from the CD3+ T cell phenotyping described above in
combination with other recognized T cell markers. Due to low
cell recovery from several patient samples, the Treg phenotype is
not discussed here but can be found in Fig. S5. As expected, the
CD4+ and CD8+ T cells varied in their expression of phenotypic
markers (Fig. 2C). The CD4+ T cells generally expressed higher
levels of CD127 and CCR7, whereas the CD8+ T cells had higher
expression of perforin and granzyme B, supporting their cytotoxic
functions [4]. As expected, the tissue residency markers, CD69,
CD49a, and CD103, were upregulated by both subsets in adipose
tissue compared with blood, a finding evident in both patient
groups. In particular, CD69 expression was highest among the
TEM cells (Supplementary Fig. 4B and C), in line with this subset
comprising of TRM cells [5]. VAT-specific differences in T cell
protein expression were also found between the people with
obesity and lean subjects (Fig. 2C). In this depot, the CD4+ and
CD8+ T cells from the obese group expressed higher levels of
perforin, Eomes, CCR5, and CD69 compared with the lean group,
although only significant for perforin on the CD4+ T cells and
Eomes and CCR5 on the CD8+ T cells. Given the effector and reg-
ulatory functions of these proteins, obesity seems to be associated
with more functionally active T cells in VAT. In contrast, the lean
subjects displayed significantly elevated levels of CD38 and CD39
on the CD4+ T cells and CD39, CCR7, and CD127 on the CD8+

T cells (Fig. 2C). Interestingly, the metabolic protein, CD39, has
been linked to both anti-inflammatory regulatory functions and
pro-inflammatory memory functions in inflamed tissue [25] and
was also identified as a marker of pro-inflammatory Th17 cells
in VAT [26]. Accordingly, whether the observed downregulation
of this protein in obese VAT reflects a more pro-inflammatory T
cell phenotype requires further investigation. In summary, we
found that obesity is associated with alterations in CD4+ and
CD8+ T cell protein profile in VAT. The identified proteins may
define phenotypically distinct subtypes of T cells that play a
role in the inflammatory signaling linking obesity and metabolic
dysfunction.

High-dimensional analysis identifies obesity-enriched
T cell clusters with unique protein signatures

For a higher resolution of phenotypic diversity, we employed the
non-linear dimensionality reduction technique, Uniform Manifold
Approximation Projection (UMAP), on the flow cytometry data
to identify protein signatures on a single-cell level, potentially
revealing additional CD4+ and CD8+ T cell subpopulations asso-
ciated with obesity. As expected, the expression intensities of CD4
and CD8 proteins defined two distinct clusters in the UMAP plot
(Fig. 2D and E; Fig. S6). Both clusters contained smaller sub-
clusters of cells deriving from obese VAT exclusively, confirming

our previous assumptions that obese VAT contains phenotypically
distinct T cell populations. Indeed, these VAT-specific CD4+ and
CD8+ T cell subclusters displayed increased expression levels of
CD26, CD69, and CCR5, suggesting that the obesity-induced acti-
vation of T cells at this site is only evident for specific subpop-
ulations (Fig. 2E). In line with their role as leukocyte activation
markers, CD26 and CD69 are previously found expressed on acti-
vated T cells in adipose tissue of individuals with obesity [10,
27]. CD26 induces T cell co-stimulatory signals and activation by
specifically interacting with its ligand, adenosine deaminase [16].
The chemokine receptor, CCR5, directs cells to the site of inflam-
mation and has been found upregulated on T cells in obese VAT
previously [28, 29]. Together, the upregulation of CD26, CD69,
and CCR5 may reflect enhanced migration and interaction with
target cells in the adipose tissue to promote T cell activation.

To further explore the phenotypic heterogeneity of the UMAP
plot clusters, we performed PhenoGraph clustering and identified
27 clusters of T cells with different relative sizes of the total T
cell population (Fig. 2F and Fig. S7). Each cluster also varied in
the proportion of cells originating from lean subjects and indi-
viduals with obesity, and from blood and VAT (Fig. 2G). In line
with the manual gating, the most extreme lean-enriched (#12,
#14, #15, #17) and obesity-enriched (#20, #21 #23, #25, #26)
clusters contained almost exclusively VAT-derived T cells (Fig. 2G
and H). When summarizing normalized protein expression levels
between the identified clusters along with annotations of lineage
markers, CD4+ and CD8+ T cells defined each set of the lean-
and obesity-enriched VAT clusters, all displaying memory pheno-
types (Fig. 2I). Combined with relative high levels of CD49a and
CD69, these clusters appeared to comprise VAT TRM cells (Fig. 2I).
While CCR5 was expressed in all five obesity-enriched clusters,
Eomes levels were highest in CD8+ cluster #20, and CD26 levels
were highest in CD4+ clusters #25 and #26 (Figure 2I, J). Thus,
despite sharing phenotypic features, the unique protein signatures
within the individual clusters point to the existence of additional
subpopulations of CD4+ and CD8+ TRM cells in obese VAT. Fur-
ther sub-gating of CD4+ Th cells was not possible in our data and
future studies should investigate how these proteins are expressed
on various Th subsets, such as Th1, Th2, and Th17 cells.

The elevated expression levels of the T cell activation protein,
CD26, in the two most obesity-enriched CD4+ T cell clusters
indicated that these cells might display enhanced effector func-
tions. In line with this notion, we measured stress-induced
responses of adipose tissue T cells from a separate cohort of
individuals with obesity (Table 1, cohort 4) and observed that
CD4+CD26+ T cells in adipose tissue displayed a trend toward
increased pro-inflammatory IFN-γ and TNF production compared
with the CD4+CD26− subset (Fig. S8). Protein expression also
varied between the two subsets, with the entire population of
CD4+CD26+ T cells expressing the co-stimulatory marker, CD28,
confirming their activation status [30] and lacking granzyme
B expression, indicating poor cytotoxicity (Fig. S9). This is in
line with Th cells representing the cytokine-producing cells with
low capacity to kill, and our data indicate that these signature
functions are mainly confined to the CD26+ Th cells. However,
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validation in larger cohorts is required in addition to assessing
how the subset markers relate to metabolic dysfunction.

Taken together, we identified protein signatures of obesity-
associated CD4+ and CD8+ TRM cells in adipose tissue. While
some of these proteins have been found expressed on human
adipose tissue T cells previously, the high dimensional analysis
allowed us to measure co-expression patterns, highlighting the
advantages of integrating 29-parameters flow cytometry with
dimensionality reduction techniques. Recent advances in single
cell RNA sequencing have led to the identification of T cell
subsets in adipose tissue of mice [31] and humans [32] defined
by distinct cluster marker genes. However, we are not aware of
other studies performing deep-phenotyping of human adipose
tissue T cell to the same extent as shown by us. It should be
noted that the high dimensional clustering analysis included
only VAT samples from the individuals with obesity to allow
direct comparison with the lean counterparts, and whether the
identified clusters also exist in obese and lean SAT remains to be
determined.

Concluding remarks

Targeting T cells to regulate adipose tissue inflammation may
represent a potential therapeutic strategy for treating obesity-
related complications. However, such strategy requires detailed
characterization of T cells residing in adipose tissue, which
is largely missing in the studies that addresses these issues,
with only few phenotypic markers available to describe human
adipose tissue T cell subsets. Future pharmacological strategies
to reduce inflammatory signaling must also take into account
that some pro-inflammatory signaling in the adipose tissue is in
fact beneficial as they are necessary for the regulation of energy
homeostasis [33]. This warrants a detailed understanding of
phenotypic heterogeneity of T cells residing in adipose tissue and
how they contribute to these essential processes. By employing
high-resolution flow cytometry and transcriptomic analysis, we
here characterized T cells in blood and adipose tissue from
several independent cohorts and identified obesity-associated
CD4+ and CD8+ T cell subtypes in VAT defined by distinct
protein expression patterns. Given the pathological role of VAT
in obesity, our findings provide framework for future studies to
investigate their functional relevance in obesity-related metabolic
disturbances.

Material and methods

Characteristics of patients and controls

Blood and adipose tissue samples were obtained from differ-
ent cohorts of individuals with obesity and from lean subjects
(cohorts and available clinical and biochemical data are presented
in Fig. 1 and Table 1). Written consents were obtained from all

patients, and the study was approved by the Regional Commit-
tees for Medical and Health Research Ethics (REK 2015/2343 and
2010/502) in Norway and by the local ethics committee in Stock-
holm, Sweden (2013/2285-31/3, 2017/589-32, 2014/979-31/1
and 2015/1688-32/1).

Sample preparation and isolation of immune cells

Adipose tissue biopsies were collected in Krebs Ringer Phos-
phate (KRP) buffer, followed by enzymatic digestion to isolate
the stromal vascular cells (SVC) as previously described [34].
SVC was then freshly stained (proteome screening) or cryopre-
served in freezing media until flow cytometry experiments were
performed. Peripheral blood mononuclear cells (PBMC) were iso-
lated from heparin blood using density gradient medium as pre-
viously described [34].

Surface proteome screening

LegendScreenTM Human PE Kit (Biolegend) was applied on
freshly isolated SVC from liposuction and PBMC from donors to
screen the T cells for 315 surface proteins. To separate the cells by
the tissue of origin, blood- and adipose tissue immune cells were
CD45 barcoded before subjected to the kit plates. The samples
were acquired on the BD Fortessa instrument and the obtained
data was analyzed using FlowJo v10.

Flow cytometry

Frozen PBMC and SVC were stained with extra-and intracellu-
lar antibodies for 29-color flow cytometry and acquired on a BD
LSR Symphony containing 5 lasers (355, 405, 488, 561, and 637
nm). Data were analyzed in FlowJo V10 with the Downsample,
Uniform Manifold Approximation and Projection (UMAP), and
PhenoGraph plugins.

RNA sequencing

Five hundred picogram total RNA was used as input to pre-
pare cDNA using SMART-Seq v4 Ultra Low Input RNA Kit for
Sequencing (Takara Bio. Cat. No. 634898). The cDNA quality was
examined on Agilent TapeStation system using a High Sensitivity
D5000 ScreenTape (Agilent, Cat. No. 5067–5592). One nanogram
cDNA was used for library preparation using Nextera XT DNA
Library Preparation Kit (Illumina, Cat. Nos. FC-131-1024 & FC-
131-1096). The yield and quality of the amplified libraries were
analyzed using Qubit by Thermo Fisher and the Agilent Tapesta-
tion. The indexed cDNA libraries were normalized and combined,
and the pools were sequenced on the Illumina Novaseq S4 with
300-cycles paired end sequencing.

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu

 15214141, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eji.202249990 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 Martha E. Haugstøy et al. Eur. J. Immunol. 2022. 0: 1–9

Statistics

Extracted FlowJo data were analyzed using Prism version 9.2.0
(GraphPad). D’Agostino & Pearson omnibus normality test was
used to determine normality of the data. The Wilcoxon matched-
pairs test was used for comparison between paired samples and
the Mann–Whitney U-test was used for comparison between dif-
ferent patient groups. A p-value < 0.05 was considered statisti-
cally significant.

More details on the methods are provided in Supporting Infor-
mation.
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