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Introduction: Cytomegalovirus (CMV) is a common herpesvirus with a high
prevalence worldwide. After the acute infection phase, CMV can remain latent in
several tissues. CD8 T cells in the lungs and salivary glands mainly control its
reactivation control. White adipose tissue (WAT) contains a significant population
of memory T cells reactive to viral antigens, but CMV specificity has mainly been
studied in mouse WAT. Therefore, we obtained blood, omental WAT (oWAT),
subcutaneous WAT (sWAT), and liver samples from 11 obese donors to
characterize the human WAT adaptive immune landscape from a phenotypic
and immune receptor specificity perspective.

Methods: We performed high-throughput sequencing of the T cell receptor
(TCR) locus to analyze tissue and blood TCR repertoires of the 11 donors. The
presence of TCRs specific to CMV epitopes was tested through ELISpot assays.
Moreover, phenotypic characterization of T cells was carried out through flow
cytometry.

Results: High-throughput sequencing analyses revealed that tissue TCR
repertoires in oWAT, sWAT, and liver samples were less diverse and dominated
by hyperexpanded clones when compared to blood samples. Additionally, we
predicted the presence of TCRs specific to viral epitopes, particularly from CMV,
which was confirmed by ELISpot assays. Remarkably, we found that oWAT has a
higher proportion of CMV-reactive T cells than blood or sWAT. Finally, flow
cytometry analyses indicated that most WAT-infiltrated lymphocytes were
tissue-resident effector memory CD8 T cells.
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Discussion: Overall, these findings postulate human oWAT as a major reservoir of
CMV-specific T cells, presumably for latent viral reactivation control. This study
enhances our understanding of the adaptive immune response in human WAT and
highlights its potential role in antiviral defense.
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T cell receptor, adipose tissue, cytomegalovirus, tissue-resident memory T cells,

antigen prediction

1 Introduction

Cytomegalovirus (CMV) is a common type of herpesvirus that
has a high prevalence in the population, infecting 50-90% of adults
in developing countries (1). In most cases, patients are
asymptomatic. In immunocompetent conditions, the viral
reactivation is controlled by blood-circulating and tissue-resident
leukocytes, particularly by CD8+ T cells (2). However, infections in
immunocompromised individuals can lead to severe conditions and
even death (3). In this context, studies of latent infection control
among the body have pinpointed adipose tissue as a relevant
reservoir of adaptive immune cells for lifelong control of CMV
infection (4, 5).

The understanding of white adipose tissue (WAT) has
noticeably evolved. Initially regarded as a mere storage of neutral
lipids, it is currently considered an endocrine organ, essential in
regulating systemic energy homeostasis (6). In addition, WAT plays
a role in non-shivering thermogenesis by the generation of a
particular kind of thermogenic adipocyte (7). This multi-
functional vision of WAT is still changing since a new role as an
immune organ is emerging (8).

Different cell types occur in WAT, including white and
thermogenic adipocytes, fibroblasts, endothelial cells, different
populations of stem cells and a wide variety of leukocytes (from
both, adaptive and innate immune systems) (9). They all contribute
to the main functions of WAT: energy storage, endocrine
regulation, non-shivering thermogenesis, and host defense.
Therefore, WAT is currently seen as a complex tissue full of
synergistic interactions between different cell types (8, 10-13).

WAT contains a lymphoid structure called fat-associated
lymphoid clusters (FALCs) or milky spots (8, 14, 15). Regarding

Abbreviations: BC, barcode; BMI, Body Mass Index; C, Constant gene segment
of TCR; CDR, Complementary Determining Region; CMV, cytomegalovirus;
EBV, Epstein-Barr virus; FALCs, Fat-Associated Lymphoid Clusters; HbAlc,
glycated hemoglobin; HDL, High-Density Lipoprotein; HIV, human
immunodeficiency viruses; J, Joining gene segment of TCR; LDL, Low-Density
Lipoprotein; oWAT, omental White Adipose Tissue; PBMCs, Peripheral Blood
Mononuclear Cells; SVF, Stromal Vascular Fraction; sWAT, subcutaneous White
Adipose Tissue; Tcm, T central memory; TCR, T cell receptor; Tem, T effector
memory; Temra, T effector memory re-expressing CD45RA; Treg, T regulatory
cell; Trm, tissue-resident memory T cell; UTR, untranslated region; V, Variable
gene segment of TCR; WAT, White Adipose Tissue.
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immune defense, FALCs resemble secondary or tertiary lymphoid
organs. They are particularly interesting in the peritoneal cavity
since they filter peritoneal fluid and capture soluble antigens (16).
When microbial antigens are detected, fibroblastic reticular cells in
FALCs recruit peripheral monocytes and promote the formation of
new FALCs. This is followed by rapid activation of T and B cells.

FALCs contain a huge amount of memory T cells (8, 9, 17).
Most of them belong to the resident memory compartment and do
not recirculate. This accumulation of tissue-resident memory T cells
(Trm) in FALCs has two advantages. Firstly, WAT connects all
organs with lymphoid structures and, during inflammation, lymph
leak from vessels reaching WAT lymphatics and FALCs. Therefore,
this mechanism works synergistically with classic lymphatic
drainage. Secondly, the main source of energy in Trm is
mitochondrial fatty acid oxidation (17). Interestingly, upon
microbial challenge, adipocytes increase lipolysis making fatty
acids available to Trm (13). In a nutshell, T cells in FALCs are
located in a strategic location full of fuel to respond to microbes’
reencounter. Besides, CD8+ Trm in WAT shows a higher
proliferative potential than Trm in other locations and co-
expresses IFN-vy and TNF-alfa 1h after activation (17).

A fraction of WAT-resident memory T cells has been
demonstrated to be reactive to viral antigens (17, 18). At present,
only a few works (mainly in murine models) have studied the WAT
reservoir of viral-specific memory T cells (4, 17). Murine CMV-
specific CD8 T cells have been identified in mice adipose tissue and
have been associated with the control of lifelong infection (4). Some
studies in humans have described the role of a minor subpopulation
of CMV-specific CD4+ T cells in sWAT of patients coinfected with
human immunodeficiency viruses (HIV) and CMV (5), and the
presence of Trm cells reactive to CMV antigens in respiratory
mucosa (19).

The antigen specificity of a T cell is determined by its T cell
receptor (TCR) sequence. High-throughput sequencing of the TCR
repertoire can provide a snapshot of the clonal expansion level of an
immune reservoir, as well as its antigen specificities if a given TCR
has a known, experimentally determined, cognate antigen. In the
present work we have generated TCR libraries of 11 donors from
blood, omental WAT (oWAT), subcutaneous WAT (sWAT) and
liver to study the adaptive immunity landscape of tissue reservoirs.
We found T cells annotated to be specific to common viral
pathogens in WAT, specially to CMV antigens. The presence of
CMV-specific T cells in human WAT was confirmed by ELISpot
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TABLE 1 Clinical baseline characteristics of patients.

10.3389/fimmu.2023.1303724

Patient

Variables
#6

Age (years) 37 36 55 55 53 50 44 65 38 48 55
Female/Male F F M M F M F F M F F
T2D + - - + - + - - - - -
Hypertension + - + - + + - + - - +
BMI (kg/m2) 38.2 39 33.8 50 36.9 40.6 45.5 37.1 48.1 41.8 42.8
Glucose (mg/dL) 151 88 75 98 92 318 116 88 90 105 101
HblAc (%) 5.5. 5 57 7 5.4 55 57 6.2 54 55 55
CRP (mg/L) 18.7 5 9.3 22 11.9 2.7 20.9 59 53 4.1 16.6
Cholesterol (mg/dL) 128 118 156 125 125 201 131 143 143 188 149
Triglycerides (mg/dL) 175 156 104 105 48 12 202 175 85 264 120
HDL (mg/dL) 39 29 39 41 61 34 27 52 35 34 38
LDL (mg/dL) 54 58 96 63 80 134 64 56 91 101 87
CMV (IgG/IgM) +/- +/- +/- +/- +/- +/- +/- +/- -/- +/- +/-
EBV (IgG/IgM) +/- +/- +/- +/- +/- +/- +/- +/- -/- +/- +/-

assays in all CMV-seropositive donors. Moreover, we characterized
the phenotype of WAT-infiltrating T cells by flow cytometry. The
fact that tissue-resident effector memory T cells (Tem) are the most
abundant population in WAT, together with the enrichment in
CMV-specific T lymphocytes, supports the hypothesis that WAT
contains an immunological reservoir responsible for controlling
reactivation of latent CMV in humans.

2 Results
2.1 Baseline characteristics of patients

Table 1 shows details on data of age, sex, type 2 diabetes (T2D),
hypertension, body mass index (BMI), glucose, glycated
hemoglobin (HbAlc), C-reactive protein (CRP), cholesterol,
triglycerides, high-density lipoprotein (HDL), low-density
lipoprotein (LDL), CMV and EBV (Epstein-Barr virus)
seropositivity. Women were predominant, around 64% of
patients, due to social constraints in our geographic environment.

2.2 TCR repertoire analysis

In order to study the immune receptor landscape in different
tissue compartments, we assessed TCRf repertoire diversity and
overlap in obese patients from blood, oWAT, sWAT, and liver. It
must be noted that liver samples were exclusively used for TCRB
analyses due to the small size of hepatic biopsies. We obtained a
total of 5 million reads covering full V-D-J regions (400-600 bp
long). After identifying the V and ] alleles and the complementary

Frontiers in Immunology

03

determining region 3 (CDR3) sequence, we found 86,005 unique
TCRs among our samples.

Chao index was calculated to measure repertoire richness,
understood as the number of different clonotypes in a sample.
Blood repertoires showed a significantly higher richness compared
to solid tissue repertoires (4201 + 2556 clonotypes in blood, 343 +
166 in oWAT, 441 + 181 in sWAT and 296 + 173 in liver, Wilcoxon
test, p < 0.0001) (Figure 1A). Clonality was calculated to measure
the degree of clonal expansion in a TCR repertoire. We found that
solid tissue samples are significantly more clonal than blood
repertoires (0.11 = 0.09 in blood, 0.23 + 0.10 in oOWAT, 0.24 +
0.11 in sSWAT and 0.26 + 0.11 in liver, Wilcoxon test, p < 0.05)
(Figure 1B). No significant differences in richness and clonality were
observed between solid tissues. Additionally, we studied clonality by
assessing the clonal space homeostasis, i.e., the proportion of the
repertoire that is occupied by clonotypes of a given frequency. Four
different groups were established: small (clonotype frequency <
0.0001), medium (0.0001-0.001), large (0.001-0.01) and
hyperexpanded (>0.01). Blood repertoires were mainly composed
of medium clones, whereas solid tissues were dominated by
hyperexpanded lymphocytes (Figure 1C). Altogether, these
findings indicate that tissue infiltrating TCR repertoires were less
diverse and more expanded compared to the set of circulating
blood lymphocytes.

Overlap between blood and tissue repertoires was assessed with
the Morisita index, where 0 meant that the samples do not have any
clonotypes in common and 1 meant that all the TCRs occur in the
same proportion in the two repertoires compared. Low overlap with
blood was observed for all the solid tissues since the maximum
overlap value observed was 0.13 in the blood-liver comparison of
patient #1 (Figure 1D). No significant differences were observed
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depicting the number of shared clonotypes among repertoires from the same patient. ns: non-significant, *: p < 0.05, **: p < 0.01, ****: p < 0.0001.

between solid tissues in the degree of overlap with blood repertoires
(Kruskal-Wallis test, p > 0.05). The number of shared clonotypes
between tissues of the same patient is shown in Figure 1E. Again,
little to no overlap is observed among different TCR repertoires
from the same patient, indicating that the subsets of tissue-
infiltrated clonotypes are very distinct and that some of them are
even undetectable in blood.

2.3 Antigen specificity prediction

To predict the antigen specificity of TCR repertoires we
accessed the VDJdb database, which contains curated TCR
sequences with in vitro determined antigen specificity that were
used to annotate our repertoires by sequence similarity clustering.
Of the 86,005 TCRs discovered in our repertoires, only 363
clustered with any CDR3 sequence of VDJdb, leaving 99.58% of
our data unannotated for antigen specificity. This highlights the
need to perform more in vitro antigen specificity assays to enlarge
these databases.

Specificity to 30 epitopes from 19 antigens was found in our
repertoires, both in blood and in solid tissues, including several viral
epitopes from CMV, EBV and Influenza virus A (Figure 2,
Supplementary Dataset 1). It must be noted that 24 of the 30
epitopes are presented by HLA class I and 6 by HLA class II.
Moreover, none of the latter epitopes were present in oWAT. For
each TCR/epitope pair, the VDJdb database provides information
about the HLA allele that was used in the antigen specificity assay.
However, due to the known promiscuity of HLA alleles in antigen
presentation (20, 21), we showed all the antigen specificities
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discovered, even when the HLA allele reported in the database is
not carried by our patients.

TCRs specific to 8 CMV epitopes were present exclusively in
blood samples, while specificity to 4 epitopes was found both in
blood and WAT in 5 out of 11 patients (45.5%). A*03/IElk;g was
predicted to be the most widely recognized CMV epitope in our
cohort, with specific TCRs present in oWAT from patient #6 and
SWAT from patients #6, #7, #9 and #10. It should be mentioned that
it is the epitope with the largest number of known TCRs in the
VDJdb database, which may bias the results. A*02/pp65y;y had
cognate TCRs in all the patients but patient #9, which was
consistent with them being the only patient who tested negative
in CMV serology. Specificity against this antigen was predicted in
OoWAT from patients #6 (carrier of the HLA-A*02 allele,
Supplementary Table 1), #10 and #11, and sWAT from patients
#7 and #11. TCRs against another epitope from the CMV protein
pp65, B*07/pp651pr, were found in oWAT from patient #2, which
also carries the HLA-B*07 allele, occupying around 16.8% of the
sequenced repertoire. Specificity to EBV epitopes was found to a
lesser extent in blood and solid tissues. Particularly, TCRs specific to
B*35/BZLF1gp; and A*11/EBNA4,vg epitopes were found in
OoWAT and sWAT from patient #6, which showed the broadest
specificity against EBV epitopes of the entire cohort. Epitopes from
Influenza A were predicted to be recognized mostly by TCRs from
circulating T lymphocytes. Only patient #7 showed specificity
against epitopes B*07/NPrpr and DRA*01-DRBI1*01/Mlsgp in
oWAT and sWAT, respectively. Specificity to self-antigens was
also predicted in our cohort. Especially to A*02/MLANAGE; 4,
derived from the melanoma antigen recognized by T cells 1
(known as MARTI or MLANA) in patients #2 and #6, which
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FIGURE 2

Predicted antigen specificity of the 44 TCR repertoires analyzed. Epitopes (y axis) are identified by the HLA allele presenting them, the protein of
origin and their first three amino acids. Each circle represents the specificity of TCRs to each epitope in a given repertoire. Color scale stands for the
number of different clonotypes recognizing that epitope, while size represents the relative frequency of those clonotypes in the repertoire. Blood
samples from each donor are highlighted in light grey and outlined circles indicate that the patient carries the HLA allele presenting the epitope
according to the VDJdb database. B, blood; oW, omental white adipose tissue; sW, subcutaneous white adipose tissue; L, liver tissue

showed specific TCRs in blood, oWAT, but especially in sWAT,
occupying 21.1% and 10.7% of the sequenced sWAT repertoire,
respectively. Reactive T cells against MLANA appear in some
pathological contexts, such as vitiligo and melanoma (22).
Interestingly, patient #6 has been diagnosed with basal cell
carcinoma afterwards.

2.4 ELISpot assay

One of the most notable results of the in silico antigen-
specificity prediction was the relative abundance of CMV-specific
TCRs in oWAT. To validate this result, we performed a
functionality test with isolated T lymphocytes. ELISpot assays
were carried out on every patient and results are shown in
Figure 3A and Supplementary Figure 1.

The mean number of CMV reactive cells in oWAT was one
order of magnitude more elevated than in peripheral blood
mononuclear cells (PBMCs) (1174.45 + 207.86 in oWAT versus
255.09 + 194.37 in PBMCs, p<0.001, Figure 3B). In contrast, sWAT
showed a reduced number of spots (45.36 + 15.94). We must
remark that the same number of mononuclear cells, either from
blood or adipose tissue, was seeded in each well to perform the
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ELISpot assay. According to a previous article published by our
group (9), the mononuclear set of stromal vascular fraction (SVF) is
composed of 40-50% of T lymphocytes (in both, oWAT and
SWAT). The mononuclear fraction of total blood is usually
composed of 40-70% of T cells. In case of the study cohort,
according to our cytometric data, these percentages are limited to
45-55% in all types of samples. Another remarkable difference was
in the size of spots, which can be used as a measure of the amount of
interferon-y (IFN-y) that is secreted by cells after TCR stimulation.
In oWAT, a noticeable fraction of cells (around 16%) showed a
high-secretion (spot area >2000um?) level of IFN-y, while this
fraction is marginal in blood (around 2%) and absent in SWAT.
In addition, as shown in Figure 3C, the first decile of OWAT had
spot sizes significantly larger than sSWAT and blood.

2.5 Phenotypic analyses of T cells
by flow cytometry

In order to analyze the phenotype of T lymphocytes in blood,
oWAT and sWAT, two different cytometric panels were used. Panel
1 included markers to identify the naive phenotype (CCR7
+/CD45RA+) and three memory populations: T central memory
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FIGURE 3

Cytomegalovirus ELISpot assays measurements. (A) Patient #9, negative for CMV and patient #6, positive for CMV in PBMCs and both tissues (OWAT
and sWAT). (B) Total number of spots for all the different tissues in all CMV-positive patients. (C) First decile of the biggest spots for all the different

tissues in all CMV-positive patients. *: p < 0.05, **: p < 0.01, ***: p < 0.001.

(Tcm: CCR7+/CD45RA-), T effector memory (Tem: CCR7-/
CD45RA-) and T effector memory re-expressing CD45RA
(Temra: CCR7-/CD45RA+). Panel 2 included several tissue-
residence markers: CD69, CD49a and CD103.

Supplementary Figure 2A shows the SSC versus FSC plot of
OWAT SVF and the gating strategy to identify CD4+ and CD8+
populations by Panel 2. Noteworthy, blood and tissue samples
displayed different flow cytometry profiles (Supplementary
Figures 2B, C). Such indicated that contamination with peripheral
blood in tissue samples was negligible. One of the main differences
shown by panel 1 was in the naive population, which was abundant
in blood but marginal in tissue (22.2% blood, 1.9% oWAT, 1.7%
SWAT, p<0.001, Figure 4). Furthermore, the proportion of T cells
positive for tissue-resident markers was different in blood and
WAT, highlighting the fact that almost all T cells in tissue have a
memory phenotype. As expected, CD103 and CD49a were nearly
absent in blood (Supplementary Figures 2C, D, 3) and only a small
fraction of T cells was positive for CD69 (CD4: 2.7%, CD8: 4.4%,
Supplementary Figure 2C). In contrast, most adipose tissue T
lymphocytes were positive for CD69 (CD4-oWAT: 86.8%, CD8-
oWAT: 93.3%, CD4-sWAT: 72.5%, CD8-sWAT: 81.7%,
Supplementary Figure 2C).

There were significantly more CD4+ and CD8+ T lymphocytes
in oWAT than in sWAT (Figure 5A). This agrees with previous
reports showing that FALCs are more abundant in oWAT than in
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sWAT (14, 15). Moreover, the CD4+:CD8+ ratio differed
significantly between both types of adipose tissue (Figure 5B). In
OoWAT CD8+ cells dominated the T cell pool, while in sWAT CD4+
cells did so. Therefore, the increase of CD8+ T cells in oWAT was
the main driving force behind the differences in the number of T
cells between oOWAT and sWAT.

In adipose tissue samples, naive T cells were almost absent,
which agrees with previous reports (23) (Figures 4B, C, E, F). In
both adipose tissues, the most abundant CD4+ subset was Tem,
followed by Tcm and Temra (Figures 4B, C). In the CD8+
subpopulation Tem was the larger subset in both tissues as well,
followed by Temra and Tcm (Figures 4E, F). Furthermore, in blood
samples, there were around 22% of naive T cells in both CD4+ and
CD8+ subpopulations (Figures 4A, D). It is worth noting that the
number of naive T cells can vary within individual’s age since their
production by the thymus decreases with senescence (24).
Remarkably, in the CD8+ subpopulation of blood, Temra was the
most abundant subset (Figure 4D) whereas it was almost absent in
the CD4+ subset (Figure 4A). This was consistent with previous
results, which described circulant Temra CD8+ as a major subset
that increases with age (25).

In Trm cells, CD69 is usually co-expressed with CD49a and/or
CD103. The percentage of CD103-positive T cells was minimal in
adipose tissue (Supplementary Figures 2D, 3) whereas CD49a
showed high levels, especially in oWAT (Supplementary
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Figure 2C). From CD69 and CD49a expression patterns, we extract
two conclusions. Firstly, virtually all CD49a-positive T cells co-
expressed CD69. Secondly, the double positive population (CD69
+/CD49a+) was the most abundant in oWAT (particularly in the
CD8+ subpopulation) (Figures 6A, C) while there was not a
predominant population in sSWAT (Figures 6B, D).

3 Discussion

3.1 Differences in human and mice
adipose tissue

A growing body of evidence supports the immunological
function of WAT (8). Nevertheless, most of the data are derived
from murine models and they significantly differ from humans in
their anatomy and physiopathology of adipose tissue (26). Humans
have two main visceral fat depots in the intraperitoneal cavity
(omental and mesenteric). Conversely, mice have a mesenteric and
a well-developed gonadal depot but lack the omental depot, only
visible in obese animals (27). The principal fat depots with the
ability of expansion are subcutaneous and certain visceral depots.
Concerning visceral expansion, rodents expand their gonadal depot,
whereas humans mainly expand the omental fat depots, and both
tissues differ notably. While murine gonadal fat drains to the
systemic circulation, human omental adipose tissue drains to the
portal circulation. Moreover, the presence of immune cells and
FALCs is higher in human oWAT (14). This strategic location gives
oWAT the opportunity of filtering a more diverse antigen
repertoire. In both species an excessive expansion of
intraperitoneal fat depots is associated with obesity-related
pathologies (28). On the other hand, mesenteric depots have been
much less studied, unlike omental and gonadal depots, due to the
small quantity of this tissue in mice and the difficulty of taking
biopsies in humans.

Our work is pioneering in studying the immunological
component of oWAT in humans. Nevertheless, our data must
be interpreted in the context of morbid obesity, where the
excessive expansion of body fat depots changes the composition
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and phenotype of adipose tissue leukocytes. Obesity increases the
infiltration of neutrophils and reduces the number of resident
mast cells (9, 10). Furthermore, obesity induces a pro-
inflammatory phenotypic switching in macrophages and
disrupts the function of mast cells (11, 29). This state of low-
level chronic inflammation, together with other factors (such as
adipocyte hypertrophy, fibrosis, or tissue hypoxia) impairs the
normal function of adipose tissue, promoting obesity-
associated pathologies.

3.2 TCR-antigen prediction

Due to the low accuracy of current TCR antigen specificity
prediction algorithms (30), the best TCR annotation strategy is
cross-referencing with a database such as VDJdb. At the time of
analysis, VDJdb listed 34685 TCR-antigen-HLA trios, which
allowed us to annotate only 0.42% of our TCRs. The main
limitation of these databases is that they contain antigen-
specificity information for a negligible fraction of the possible
TCRs that can be generated by the somatic recombination
process. Furthermore, viral antigens are currently
overrepresented, which leaves many non-viral epitopes without
experimentally validated cognate TCR (30).

Although we have performed high-resolution HLA genotyping
of our cohort, we did not set HLA matching as a strict filter to rule
out antigen specificity annotations. The genetics of HLA is an
intricate system (20, 21): hyper-polymorphic, multigenic and
codominant. Moreover, it has been shown a proinflammatory
environment may change the collection of peptides presented by
HLA class I and II molecules (31, 32). Furthermore, the interaction
between TCR and the antigen-HLA complex shows a wide
spectrum of engagement, from high-affinity and high-specific
interactions to low-affinity and promiscuous interactions.

Despite all the aforementioned limitations, our in silico antigen
specificity analysis predicted the presence of CMV-specific T
lymphocytes infiltrating adipose tissue and this was successfully
validated in subsequent functional assays. This analysis would
greatly benefit from future updates of VDJdb, providing a more
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comprehensive TCR annotation to decipher the full landscape of
antigen specificity of adipose tissue-infiltrating T lymphocytes.

3.3 Reactivity against CMV antigens by
ELIspot assay

The ELIspot assay reveals certain particularities in oWAT,
concerning the composition of the T cells reservoir. Firstly, the
number of spots was significantly more elevated in oWAT than in
blood and sWAT, showing a clear enrichment in CMV-reactive T
cells. One previous study performed in human samples found
relevant frequencies of T cells against CMV-antigens in blood,
bone marrow, and lymphoid nodes but negligible in intestinal
mucosa (19). Nevertheless, this study did not analyze adipose
tissue samples. Secondly, although we lack specific experiments to
confirm that T cells reacting in the ELISpot assay are Trm-like,
there is a significant observation to consider. More than 95% of
OWAT T cells show characteristics of memory T cells by flow
cytometry. Additionally, there is negligible contamination with
peripheral blood in tissues, so very few naive T cells appear in
tissue. Thirdly, the spot size was significantly larger in oWAT,
which can be conditioned by cell phenotype and/or the TCR
binding affinity.

In our cohort, some patients showed discrepancies between the
antigen-specificity prediction and the ELISpot assays. Bioinformatics
analyses predicted the presence of CMV-specific TCRs in blood but
not in WAT (considering a 0.0001 frequency threshold). However, all
of them were positive in the ELISpot assay in both blood and WAT.
There could be several reasons (methodological and biological) for
this discrepancy. On the one hand, we could have lost some TCR
clonotypes due to sampling bias and/or quality controls and filters of
subsequent data processing. On the other hand, the clonotype
composition significantly differs between blood and oWAT. This
phenomenon, together with the fact that most of VDJdb database
annotations come from experiments with PBMCs, may cause the loss
of relevant information.

3.4 Characteristics of T resident memory
cells in adipose tissue

In a previous article, we reported that significant weight loss in
subjects with morbid obesity did not alter either the proportion of
adipose tissue T lymphocytes (into the ensemble of non-adipose
cells) or the CD4+:CD8+ ratio (9). We do not have any data about
the status of the adipose-tissue Trm reservoir in human lean
subjects. Nevertheless, it is reasonable to think that the visceral fat
depots of lean individuals act as a relevant reservoir of T cell
memory as well. Further studies are needed to elucidate how obesity
impacts the normal function of the adipose-tissue Trm reservoir.
Additionally, Trm population may affect the development of
obesity-related pathologies. In this way, a study in a murine
model suggested that the infection of mCMV in its acute phase
might impair the glucose metabolism (4). Moreover, other relevant
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issues remain unsolved, such as the immunological differences
between human intraperitoneal fat depots (especially, omental
and mesenteric depots), or their relationship with mucosa-
associated immunity. What is established, and important to
highlight, about the intraperitoneal fat depots examined in this
study is that oWAT contains a higher abundance of FALCs and
immune cells in comparison with sSWAT.

One remarkable finding is the elevated proportion of CD8+
T cells in oWAT. The relative abundance of CD4+ and CD8+
T lymphocytes is controlled by different factors and is biologically
relevant. The thymus produces more CD4+ than CD8+ lymphocytes
(33) but the ratio between CD4+ and CD8+ T lymphocytes greatly
varies between peripheral tissues (34). In general, CD4+ dominate
the T cell pool in almost the entire body except in the intestine,
where CD4+ and CD8+ T lymphocytes are in similar amounts (34).
Nevertheless, both subpopulations expand with important
differences under immunological stimulation (like a viral
infection). In the case of CD4+ T cells, expansion is coupled with
IFN-y-mediated apoptosis. Thus, the number of CD4+ T cells does
not significantly change after the stimulation. Oppositely, CD8+
T cells do not have an apoptosis mechanism coupled with
expansion. Therefore, CD8+ T cells significantly increase after
stimulation (35). When the immunological stimulation is low, the
expansion of CD8+ T cells is mainly driven by the TCR recognition
of the cognate epitope in an HLA class I molecule. When the
immunological stimulation is high, CD8+ T cells can proliferate in
a bystander way (TCR independent). This type of activation is
characteristic of Tem and is quite infrequent in other subsets. In
short, the CD8+ domination of the T cell pool in peripheral tissues is
a marker of immunological stimulation.

CD69, a type II C-lectin receptor, is a classical early marker of
lymphocyte activation, and also a marker of tissue retention (36).
CD69 is widely expressed in Trm lymphocytes (37, 38) whereas the
expression in circulant T cells, which is undetectable at steady-state,
may be increased in diverse pathological contexts (36). CD69 is
usually co-expressed in skin and mucosal tissues with other Trm
markers, such as integrins CD49a and CD103. The expression
pattern of Trm markers determines different phenotypes. For
instance, CD49a seems to be essential for long-term persistence of
Trm lymphocytes, in part by generating survival signals through the
interaction with collagen IV (39, 40). Moreover, CD49a expression
is associated with increased T-cells motility (41). Importantly, the
recurrence of viral infections increases the proportion of CD49a+
cells in Trm lymphocytes (42-44). These data are in coherence with
the prominence of the CD49a+ subset in adipose tissue T
lymphocytes, particularly in oWAT CD8+ cells (42). In contrast,
the expression of CD103 is almost absent in adipose tissue. This
marker, which is important for epithelial retention of memory T
cells (38, 45), does not appear relevant in the adipose tissue context.
In our study, the expression pattern of CD69 and CD49a defined
three main populations (CD69+/CD49a+, CD69+/CD49a- and
CD69-/CD49a+) with presumably different roles. These results
open an interesting research field. Future studies should include
new Trm markers and characterize the role of different T cell
populations in adipose tissue depots.
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3.5 Adaptive immune response in the
context of viral infection

The adaptive immune response against pathogens always begins
with a rapid expansion of the clones reactive to pathogen antigens.
Once the infection is controlled, this T cell population is contracted to
avoid the deleterious effects of excessive activation of these cells. At
this point, three different scenarios can occur: 1) if the pathogen is
completely controlled and cleared, a memory population will remain
stable over time to protect against reinfection; 2) if the pathogen is not
completely controlled, it establishes a chronic infection, like HIV or
hepatitis C virus (HCV), where the pathogen antigens are always
present and T cells are continuously challenged. This causes the
accumulation of memory cells over time that become exhausted.
However, this term is being revised lately as phenotypical adaptation
in the context of chronic inflammation by some authors (46); 3) if the
pathogen is controlled (so it is undetectable) but it is not completely
cleared, it establishes a latent infection. These latent pathogens are
dormant during the lysogenic part of their cycle and thus are not
detected by the immune system. However, they can periodically be
activated and enter the lytic part of their cycle to reactivate the
infection (47).

Oppositely to chronic viruses, the presence of antigens from
latent viruses is not constant. Thus, there is no accumulation of
exhausted T cells. However, the persistent reactivation of the
infection triggers the accumulation of CD8+ Tem cells in a
process called memory inflation. Besides, this memory T cell
population behaves differently than normal memory T cell
populations. Under normal conditions, Tem cells have a limited
expansion capacity, and this pool relies on the proliferation and
differentiation of Tcm cells (long-lived classical memory).
Nevertheless, in latent infections Tem cells substantially increase
their proliferation rate and maintain their pool without the support
of Tem cells (48). Such generates a new long-lived non-classical
memory population in the Tem pool (49). Interestingly, the latent
infection promotes changes not only in the phenotype and
dynamics of the memory T cell population but also in the
TCR repertoire.

Unlike antibodies, TCRs lack a mechanism for affinity
maturation. Therefore, under normal conditions, very few T cells
would be able to bind the HLA-peptide complex with enough
affinity to generate a response and a memory population.
Consequently, few mutations in the virus would be enough to
escape the T cell response. Fortunately, the coreceptor molecules
CD4 and CDB8 solve this problem by increasing the stability of the
TCR-peptide-HLA complex by binding conserved regions in the
HLA. Such allows TCRs with moderate affinity to enter the memory
compartment increasing its diversity and preventing immune
escape through antigen mutation (50). This mechanism works
very efficiently when the antigen load is high, like during the
acute phase of the infection: TCRs with high affinity are saturated
and low-affinity TCRs are able to bind the remaining antigens.
However, in the latent phase, the antigen load is small, and the high-
affinity TCRs outcompete the low-affinity TCRs. Therefore, after
several lytic cycles, the response becomes very oligoclonal and
directed to the most immunodominant antigens. For instance, the
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phosphoprotein pp65 and the immediate-early protein 1 (IE1) of
CMV (49). This phenomenon may increase its relevance with age.
This progressively more skewed response allows the reinfection
with a genetically different variant of the latent virus in a process
called superinfection (51). Importantly, this phenomenon has
hampered the efforts to develop a vaccine against CMV or EBV
(52). On top of that, CMV and EBV have a vast arsenal of
immunoevasins to escape the immune response.

In conclusion, our results showed that adipose tissue, mainly
OoWAT, hosts a complete immune response against latent CMV
infection, and presumable to other viruses (including EBV and
influenza) or other pathogens. Thus, our study suggests that the
immunological function is more robust in oWAT than sWAT. We
found CMV-reactive T lymphocytes, inflation of the CD8+
population, and the skewed TCR repertoire against
immunodominant antigens presented by HLA class I alleles. This
strongly suggests that OWAT is a relevant immunological organ for
antiviral responses in humans. Although our study has specifically
examined oWAT and sWAT, other types of adipose tissue (even
beyond the intraperitoneal cavity) may also play a relevant
immunological role.

4 Materials and methods

4.1 Patient cohort

This study includes 11 morbidly obese patients who underwent
laparoscopic bariatric surgery (gastric bypass or gastric sleeve) at
San Cecilio University Hospital (Granada, Spain). The ethics
committee of the hospital (Andalucia’s Biomedical Research
Ethics Committee of Granada) approved the study, and all
participants signed written informed consent. Patients were
excluded from the cohort if they presented any autoimmune
disorder. All biochemical analyses were carried out within 24
hours by routine methods at the Clinical Analysis Laboratory of
San Cecilio University Hospital (Granada, Spain). HLA genotyping,
CMYV and EBV serology were carried out at the Clinical Analyses
and Immunology Unit of Virgen de las Nieves University Hospital
(Granada, Spain). HLA genotyping was performed through PCR-
SSO (Specific Sequence Oligonucleotides) with LABType kits from
One Lambda (Los Angeles, CA, USA). PCR-SSO uses probes that
hybridize to the most polymorphic regions of each locus. On the
other hand, CMV and EBV serology were performed through CLIA
(ChemiLuminescent ImmunoAssay), an ultrasensitive ELISA, with
Alinity i CMV IgG and IgM, and EBV VCA IgM and EBNA-1 IgG
kits by Abbott (Chicago, IL, USA). In the case of CMV, no specific
antigen is used, but a total lysate of CMV from AD169 strain.

4.2 Sample processing

Blood samples were collected before surgery and after 10 h
fasting. Liver (around 10 mg) and adipose tissue biopsies (around
3 g) were obtained at the moment of surgery and kept in PBS at 4 °C
until they arrived at the laboratory. oWAT biopsies were obtained
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from the greater omentum close to the stomach. sWAT tissue
biopsies were obtained near the surgical incision.

Liver biopsies were entirely devoted to TCR analysis. Therefore,
liver biopsies were preserved in 500 ul of lysis buffer (Qiagen,
Hilden, Germany) at -20°C until total RNA extraction. Around 300
mg of the biopsies from each adipose tissue were preserved in 500 ul
of lysis buffer (Qiagen) at -20°C for RNA extraction. The rest of
each adipose tissue biopsy (around 2 g) was examined to remove
small lymph nodes and blood vessels that were eventually present in
the tissue. After that, they were digested in 10 ml of RPMI 1640
medium supplemented with 2 mg/ml type I collagenase (Sigma, St
Louis, MO, USA), 1 mg/ml hyaluronidase (Sigma) and 5 mM
CaCl2, for 2h, at 37°C.

The digestion was diluted with PBS and filtered through a 1 mm
sieve. Later, it was centrifuged at 900 x g for 10 minutes and the
pellet was resuspended in PBS, then filtered through a 100 pm filter,
and centrifuged again at 900 x g for 10 minutes. The resulting pellet
contained the SVF, and it was split for flow cytometry and ELISpot.

For flow cytometry, a quarter of the SVF was resuspended in
200ul of antibody staining buffer (PBS, 2% fetal bovine serum,
0.09% albumin, and 0.05% sodium azide) and mixed with an
internal standard (CountBright Absolute Counting Beads). The
internal standard is a suspension of a known number of
autofluorescent beads with wide emission spectra. The internal
control has different size and complexity values from any cell
population, which enables the differentiation between them. For
ELISpot, the rest of the SVF was resuspended in 1 ml of RPMI 1640
medium to isolate the mononuclear fraction from the SVF by
ficoll gradient.

Likewise, PBMCs from 6 ml of blood samples diluted 1:1 with
PBS were also isolated by ficoll gradient. The interphase obtained
was washed with PBS and pellet was later preserved in 500 ul of lysis
buffer at -20°C for RNA extraction.

4.3 RNA extraction and retrotranscription

Total RNA extraction from isolated peripheral blood
lymphocytes and tissues (OWAT, sWAT, and liver) was carried
out using standard silica-membrane columns from RNeasy Mini
Kit by Qiagen. A minimum of 20ng/ul of RNA was retrotranscribed
to cDNA using the iScript " cDNA Synthesis Kit by BioRad
(Hercules, CA, USA).

4.4 TCR] library preparation and next-
generation sequencing (NGS)

TCRp repertoire sequencing was performed in the Ion S5
platform using Ion-530 chips and its extended modality, which
can obtain reads up to 600pb. The coverage was around 140000
sequences per sample. During the preparation of NGS libraries, one
of the main sources of bias is the ligation reaction, which is usually
employed to join adaptors (53). For that reason, our innovative
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methodology prepared long-read TCRP barcoded libraries without
any ligation step. Moreover, as opposed to most current strategies
based on short reads centered in the CDR3 (sequencing only the V
segment end region), our long-read method covered the entire V
segment. This improved the identification within highly conserved
V families, particularly in V5 and V6 families. Reads also included
D and ] segments, a small part of C segment, the CDR-3 loop
(functional part of the hypervariable region) and, CDR-1 and CDR-
2 loops (provided by each V segment).

The methodology for TCR library preparation is fully detailed
Supplementary Protocol 1. It involved an enrichment multiplex
PCR where all TCRs were amplified simultaneously with a
collection of primers capable of hybridizing with every V
segment. It was followed by the “fishing” of the molecules of
interest by magnetic particles. After that, the sequences of the
adaptors for Ion S5 (A and P1) were added through the extension
on the DNA strands covalently bound to the magnetic particles.
This step was critical since it avoided ligation bias. Lastly, there was
a final PCR to release the DNA from the microparticles and the
purification of its product.

4.5 TCR repertoire analysis

Read length distribution and sequencing quality were assessed
with FastQC and MultiQC (54) software. BAM files were filtered
with SAMtools (55) to select reads between 400-500 nucleotides
long, as it was the expected length range of our TCRf amplification
method. Demultiplexing by sample barcode identification, tetramer
(CGAT) and C primer sequence integrity were ascertained with R
package Biostrings (v2.50.2) (56). Reads that did not meet any of
these criteria were discarded from the analysis. Identification of V
and ] gene segments and CDR3 sequence was performed with
RTCR v0.5.1 (57) with default parameters.

Immune repertoire analyses were performed with the
immunarch R package (v0.6.5). A unique clonotype was defined
by its V and ] gene segments and its CDR3 amino acid sequence.
Proportional downsampling and bootstrapping with 100 replicates
were performed in the diversity and overlap analyses (except for
Venn diagrams) to account for differences in read counts between
samples. Productive clonality was calculated as the square root of
Simpson’s diversity index of productive clonotypes.

4.6 Antigen specificity prediction

Antigen specificity prediction was performed following the
guidelines by Pogorelyy and Shugay (2019) (58). First, the VDJdb
database (59) was downloaded in June 2021 and all the TCRp CDR3
sequences were clustered with our repertoires with GIANA
(Geometric Isometry-based TCR AligNment Algorithm) (60) in
query mode, considering V gene segment and CDR3 amino acid
sequence. All query TCRs that clustered with a TCR present in the
VDJdb database were annotated with the antigen specificity
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information provided in the database. Only antigens whose cognate
TCRs represented an aggregated frequency in the repertoire higher
than 0.0001 (medium-sized, large-sized and hyperexpanded clones)
were included in the analysis to control for unspecific annotations
lower in frequency that may not reflect a true T-cell response.

4.7 ELISpot assays

ELISpot was performed with ELISpot Path PRO: Human IFN-y
(CMV) (Mabtech, Nacka Strand, Sweden). The CMV peptide
included in the ELISpot assay consists of 42 peptides from CMV
that induces the secretion of IFN-vy, from human CD4 and CD8 T
cells. The antigens presented in the pool are pp50, pp65, IE1, IE2
and envelope glycoprotein B. Of the 42 peptides, 28 are HLA-I
restricted (covering HLA-A1, HLA-A2, HLA-A3, HLA-A11, HLA-
A23, HLA-A24, HLA-A26, HLA-A30, HLA-B7, HLA-B8, HLA-
B18, HLA-B27, HLA-B35, HLA-B40/60, HLA-B41, HLA-B44,
HLA-B57/58, HLA-C7) and 14 are HLA-II restricted (covering
HLA-DRB1*01, 03, 04, 05, 07, 08, 11, 15, 20, 24, 53, HLA-DPw2,
HLA-DQB, HLA-DP3*14, 20). Beforehand, we ensured that every
donor in our cohort carry at least one HLA restriction allele, so that
the pool covers all the donors.

The ELISpot plate, precoated with 1-D1K monoclonal antibody,
was washed 4 times with sterile PBS and incubated with RPMI +
10% FBS medium for 2 hours. According to the manufacturer’s
instructions, duplicates (when possible) of 250000 cells from the
mononuclear fraction of SVF and PBMCs were seeded in each well.
Cells were resuspended in 100 pul of RPMI + 10% FBS medium with
2ug/ml of CMV peptide pool for human CD4 and CD8 T cells.
Positive control cells were resuspended in media with 1:1000 anti-
CD3. One negative control was also included. Positive and negative
controls were performed only with PBMCs due to a lack of cells in
oWAT and sWAT. Plates were incubated for 16 - 24 hours at 37°C
in a 5% CO2 incubator. After 5 PBS washing steps, 100ul diluted 7-
B6-1-ALP conjugate (1pg/ml) was added per well and incubated for
2 hours at room temperature. After another 5 times of PBS washes,
100ul of filtered BCIP/NBT- plus solution was added per well and
left until spots emerged. To stop the color reaction, plates were
washed with tap water. After letting the plate dry, photographs were
taken with a FujiFilm X-T4 camera and a Canon macro lens of
100 mm. Spots were then counted, and their area was measured
with Image].

4.8 Flow cytometry

The SVF or fresh blood of the 11 donors was labelled with 2 ml
of controls or fluorophore-conjugated antibodies at room
temperature for 20 minutes. Later, cells were fixed, and the
erythrocytes were lysed with 1 ml of BD FACS Lysing Solution
for 30 minutes. After that, samples were centrifuged for 10 minutes
at 3500 x g, and pellets were resuspended in 200 pl of PBS. Then,
samples were stored at 4°C until the next day.
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Flow cytometry was performed using BD FACS ARIA IIlu
equipment, and data were generated with a logarithmic scale
acquisition. The internal standard was used to calculate the
number of cells per mg of tissue. Two panels with different
fluorescent-conjugated antibodies were used. Panel 1: anti-CD3
BB515 (clone HIT3A, BD Biosciences), anti-CD4 APC (clone
RPA-T4, BD Biosciences), anti-CD8 BV711 (clone SK1,
BioLegend), anti-CCR7 PE-Cy7 (clone G043H7, BioLegend) and
anti-CD45RA BV421 (clone HI100, BioLegend). Panel 2: anti-CD3
BV510 (clone OKT3, BioLegend), anti-CD4 FITC (clone RPA-T4,
BD Biosciences), anti-CD8 BV711 (clone SK1, BioLegend), anti-
CD69 PE-Cy7 (clone FN50, BD Biosciences), anti-CD49a APC
(clone TS2/7, BioLegend) and anti-CD103 PE (clone Ber-
ACTS, BioLegend).

4.9 Statistical tests

Unless otherwise specified, all statistical analyses were
performed in R (v3.6.1). The normality of the data was assessed
with the Shapiro-Wilk test and from there it was decided to conduct
non-parametric tests. Kruskal-Wallis test was chosen to compare
groups and post-hoc pairwise comparisons were performed with the
two-sided Wilcoxon test. Graphics on Figures 3-6 were performed
with GraphPad 8 (La Jolla, CA, USA).
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