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Although accumulation of lymphocytes in the white adipose tissue (WAT) in obesity is linked to
insulin resistance, it remains unclear whether lymphocytes also participate in the regulation of
energy homeostasis in the WAT. Here, we demonstrate enhanced energy dissipation in Rag1-/- mice,
increased catecholaminergic input to subcutaneous WAT, and significant beige adipogenesis.
Adoptive transfer experiments demonstrated that CD8" T cell deficiency accounts for the enhanced
beige adipogenesis in Rag1~/- mice. Consistently, we identified that CD8-/- mice also presented

with enhanced beige adipogenesis. The inhibitory effect of CD8* T cells on beige adipogenesis

was reversed by blockade of IFN-y. All together, our findings identify an effect of CD8* T cells

in regulating energy dissipation in lean WAT, mediated by IFN-y modulation of the abundance

of resident immune cells and of local catecholaminergic activity. Our results provide a plausible
explanation for the clinical signs of metabolic dysfunction in diseases characterized by altered

CD8* T cell abundance and suggest targeting of CD8* T cells as a promising therapeutic approach for
obesity and other diseases with altered energy homeostasis.

Introduction

Obesity, a major epidemic with prevalence rates rising steadily among adults and children worldwide, is
characterized by excessive accumulation of white adipose tissue (WAT). Obesity is normally associated with
the development of a low-grade inflammatory response within WAT, attributed initially to the infiltration
of macrophages in the adipose tissue as well as a shift in macrophage polarization (1). Additionally, further
cells of innate and adaptive immunity, such as mast cells (2), eosinophils (3), neutrophils (4), type 2 innate
lymphoid cells (ILC2s) (5), and CD4" (6) and CD8" T cells (7) as well as Tregs (8, 9), have been implicated as
either positive or negative regulators of adipose tissue function and of insulin resistance. A major feature of
the adipose tissue is its inherent capacity to act as an energy storage and/or energy dissipation site (10). This
dual function has been linked to the distinct WAT and brown adipose tissue (BAT) depots respectively, and
the high expression of the mitochondrial uncoupling protein 1 (Ucp1) in the latter (11, 12). A series of recent
studies identified multilocular cells with energy-dispensing activity, named “beige” adipocytes (13-16), with-
in the subcutaneous WAT (scWAT). Beige adipocytes may derive either from PDGFRa*, Scal*, and CD34*
precursor cells (17) or via transdifferentiation of white adipocytes (18, 19). Beige adipocytes (15, 16), similar
to the brown adipocytes, express Ucpl, are expanded in response to challenges such as cold exposure, and,
when activated, increase fatty acid oxidation (20). Recent findings indicate that, in adult humans, what has
been thought as brown fat is more likely formed by beige, rather than brown, adipocytes (16), confirming the
significance of beige adipose depot in adulthood. As shown, induction of adipose tissue thermogenesis and/
or browning of white fat promote efficient whole-body energy expenditure (21). Emerging evidence suggests
novel roles for innate immune cells in regulating energy dissipation via the scWAT (22-24). More impor-
tantly, increased numbers of ILC2s in the scWAT have been shown to promote beiging by stimulating the
proliferation of PDGFRa" progenitors via secretion of the interleukins IL-5 and -13 (17). Eosinophils have
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been shown to interact with M2-like macrophages in promoting beige adipogenesis as well (22, 24), while
M1 macrophages inhibit scWAT beiging in obesity (25, 26). On the contrary, nothing has been reported so
far about a function of lymphocytes on beige adipogenesis, which is the subject of the present work.

In this study, we demonstrate increased beige adipogenesis in the sScWAT of Ragl~~ lymphocyte-de-
ficient mice accompanied by increased efficiency in lipid utilization in their WAT depots. We also show
that the major immune cell type driving the development of this phenotype is the CD8" T cell. We provide
evidence that CD8" T cells can modify the catecholaminergic activity of WAT and affect the number of
ILCs and eosinophils as well as the cytokines involved in regulating their functions. Our findings suggest
that these effects of the CD8* T cells are mediated via secreted factors and, particularly, IFN-y. Overall, our
study highlights the important role of lymphocytes in the regulation of beige adipose tissue formation via
direct interaction with cells of innate immunity and modulation of the catecholaminergic activity.

Results

Lymphocyte deficiency induces beige adipogenesis. Given the emerging evidence on the role of immune cells
in the regulation of metabolism, we first assessed the potential effects of lymphocyte deficiency in sys-
temic metabolic activity. To this end, we performed indirect calorimetry in age- and weight-matched
Ragl”- and WT male mice, using a comprehensive laboratory animal monitoring system (CLAMS).
To our surprise, Ragl~~ mice dissipated more energy than WT mice, despite their similar eating and
motor behaviors (Figure 1, A—C, and Supplemental Figure 1, A-C; supplemental material available
online with this article; https://doi.org/10.1172/jci.insight.95456DS1). Additionally, the respiratory
exchange ratio (RER) was found to be lower in Ragl~~ mice (Figure 1D and Supplemental Figure 1D),
which was suggestive of an increased utilization of fatty acids as their energy substrate. In agreement,
the epididymal WAT (epiWAT) was of lower weight in Ragl~~ mice (Supplemental Figure 1, E and F).
Further, gene expression profiling revealed a significant shift in the expression of factors involved in lip-
id catabolism in the Ragl~- epiWAT, indicating the impact of lymphocyte deficiency in the regulation
of this process (Supplemental Figure 1G).

The increased energy expenditure that has been identified in the Ragl~~ mice raised the possibility
for associated enhancement of brown and/or beige adipogenesis. Even though we found no differences
between the Ragl~~ and WT BAT, as per weight, H&E analysis, or Ucpl expression (Supplemental Figure
1, H-J), H&E staining of the scWAT identified substantially increased abundance of beige adipose tissue
in Ragl™~, as compared with WT, biopsies (Figure 1E). In agreement, the expression of genes associated
with beige adipogenesis, such as Ucpl, cell death—-inducing DFFA-like effector a (Cidea), PR domain-con-
taining 16 (Prdm16), and Fgf21 (Figure 1F) (13, 27), was significantly induced in the Ragl™~ scWAT.
Finally, the weight of the Ragl~~ scWAT was significantly lower, in accordance with its higher content in
small, energy-dissipating, rather than in large, primarily lipid-storing, adipocytes (Figure 1G). These find-
ings suggest that lymphocyte deficiency promotes energy dissipation by inducing beige adipogenesis in the
lipid-storing WAT, while it has no apparent effect on BAT, the primary thermogenic depot (12). A mech-
anistic insight on the increased formation of beige adipose tissue in the Ragl~~ mice was provided by the
increased expression of the gene encoding the adrenergic receptor (AdR) 1o (AdR1e) and a similar trend
for the AdRf3 gene in the Ragl™~~ scWAT (Figure 1F). Further, treatment of Ragl~~ mice with the selective
a-1 AdR antagonist prazosin hydrochloride via the drinking water for 5 days led to reduced amounts of
beige adipose tissue (Supplemental Figure 1K) and significant attenuation in the corresponding expression
of Ucpl and Prdm16 (Supplemental Figure 1L). Taken together, these results indicate that the increased
beige adipogenesis in Ragl~~ mice is associated with induction of adrenergic activity, a physiologically
relevant pathway, in the WAT depot (14).

To further confirm the specificity of the Ragl~~ scWAT phenotype, we repeated the experiment at
thermoneutrality, i.e., at a housing temperature of 30°C (28). Following housing of all groups at thermo-
neutrality conditions for 20 days, Ucpl expression decreased significantly in both WT and Ragl~~ mice
(Figure 1H), as expected by the well-shown sensitivity of this factor to temperature changes (28-30). No
differences in the weight of the scWAT were found between the two genotypes when housed in thermoneu-
trality conditions (data not shown). However, in Ragl~~ scWAT genes associated with beige adipogenesis,
such as Cidea, were found to be at significantly higher levels as compared with the WT scWAT (Figure 1H).
The latter is in line with the corresponding histological analysis that showed profound abundance of beige
fat areas in the scWAT of the Ragl~~ mice (Figure 1I).
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Figure 1. Beige tissue formation in the scWAT is increased in lymphocyte-deficient mice. (A-D) Assessment of metabolic behavior using indirect calorim-
etry, including energy expenditure adjusted to body weight (A), food intake (B), total activity (C), and respiratory exchange ratio (RER) (D). n = 7 per group.
(E) Representative H&E-stained images of the scWAT depot of age- and weight-matched Rag1”/- and WT mice. Scale bar: 100 pm. (F) Gene expression
analysis of thermogenic and adrenergic receptors. Data are shown as mean expression normalized to actin + SEM. (G) Absolute weight of scWAT in age-
and weight-matched WT and Rag1”- mice. The data shown are derived from 1 representative of 3 independent experiments. (H) Gene expression analysis
of Ucp1 and Cidea in WT and Rag1”- mice to assess the effect of thermoneutrality, simulated by housing at 30°C for 20 days. Data are shown as mean
expression normalized to actin + SEM. (I) Representative H&E-stained images in the above groups. Scale bar: 100 um. Data shown are derived from 1rep-
resentative of 2 independent experiments. Data are presented as mean + SEM. n > 4 per group (E-1). *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t test.

Next, we sought to confirm that lymphocyte deficiency is indeed the primary underlying reason for the
enhanced beige adipogenesis in Ragl~~ mice by reconstituting mice with splenocytes isolated from WT
mice. This procedure reversed the phenotype of the Ragl~~ scWAT, as it resulted in significant elimination
of the extent of the beige fat areas, resembling those found in the WT scWAT (Figure 2, A and B). Spleno-
cyte reconstitution also led to increased adipocyte size (Figure 2C), an additional indication for the increase
in energy storage, while it reduced the expression of thermogenic and lipid oxidation-related genes to levels
comparable to those in the WT tissues (Figure 2D). The weight of WT scWAT was not altered, compared
with the Ragl~" tissue, following reconstitution with splenocytes (data not shown). Further, reconstitution
of the Ragl~~ mice with splenocytes reduced the expression of TH, the rate-limiting step in catecholamine
synthesis (Figure 2A) and of the AdR1a and AdRf3 genes (Figure 2D). These data provide additional evi-
dence for the link between lymphocyte deficiency and increased adrenergic activation.

CD8* T cell transfer abrogates beige adipogenesis in Ragl~~ mice. Next, we sought to identify the specific
lymphocyte population missing in the Ragl~~ mice, possibly underlying the induction in their beige adi-
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Figure 2. Adoptive transfer of whole splenocytes in Rag1~/- mice reverses the increased scWAT beiging. (A) Representative images of H&E and immu-
nofluorescence (IF) staining for UCP1 or TH from WT, Rag1”/-, or Rag1/~ mice reconstituted with 5 x 10° splenocytes, once a week for 2 weeks. Arrows
represent the TH*cells. V represents the vessels. Scale bar: 100 um. (B) The relative UCP1 mean area and intensity in the above groups. Values represent
the mean + SD intensity of 15 patches for every image. n = 3 per group. (C) Relative scWAT adipocyte cell size of WT mice or Rag1~~ mice treated with PBS
or adoptively transferred with splenocytes (5 x 10°), once a week for 2 weeks. n = 4 per group. (D) Relative expression of beige, oxidation, and adrenergic
receptors genes. Data are shown as mean expression normalized to actin + SEM. n = 5 per group. Data are representative of 1 of 2 separate experiments.
Data are presented as mean + SEM. **P < 0.01, ***P < 0.001. 1-way ANOVA with Bonferroni's post test.
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pogenesis. Previous studies have described the contribution of the resident and/or infiltrated lymphocyte
populations, including CD4* and CD8* T cells, to WAT biology (6, 7, 31). In particular, the CD8* T cells
have been directly associated with lipid metabolism, as shown by their striking effects in promoting liver
steatosis (32). We therefore assessed the effect of reconstitution of the Ragl~~ mice with CD8* T cells, on
the beiging of their scWAT. CD8* T cells isolated from WT mouse splenocytes were transferred into Ragl~~
mice by retro-orbital administration. There was no difference in the weight of the scWAT between control
Ragl~~ mice and those reconstituted with CD8" T cells (data not shown), while as expected, the abundance
of CD8" T cells was substantially increased in the reconstituted scWAT (Supplemental Figure 2A). In line
with the hypothesis attributing the increased beiging of the Ragl~~ scWAT to their lymphocyte deficiency,
the reconstituted scWAT was characterized by attenuated beiging (Figure 3A). In line with this, reconsti-
tuted scWAT showed significantly compromised expression of AdR1a and AdRB3 and of genes encoding
proteins involved in thermogenesis, such as Ucp1, Cidea, Fgf21, and in lipid catabolism, such as Hadha and
Lipe (Figure 3B). Upon reconstitution with CD8* T cells, the expression of UCP1 protein, the main protein
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Figure 3. Adoptive transfer of CD8" T cells in Rag1~’/- mice reverses increased scWAT beiging in Rag1”/- mice and decreases ILCs and eosinophils.
Data shown are from the scWAT of WT, Rag1~/-, or Rag1”/- mice reconstituted with 5 x 10° CD8* T cells, once a week for 2 weeks. (A) Representative
H&E staining. Scale bar: 100 um. n = 3 per group. (B) Expression of thermogenic, lipid metabolism, and adrenergic receptors genes. Data are shown as
mean expression normalized to actin + SEM. n > 5. Data shown are derived from 1 representative of 3 independent experiments (C) Protein expres-
sion of UCP1 and B-tubulin. (D) Percentage of ILCs (CD90.2*Sca-1*Lin") gated on CD45* cells. n > 4 per group. (E) Representative gating strategy for
the identification of ILCs (CD90.2* Sca-1* Lin-). Percentage of CD90.2*Sca-1*Lin" gated on the viable CD45*DAPI- cells. Data shown are representative
of 2 independent experiments. Flow cytometry was performed after pooling n > 5 mice per group. (F) Percentage of eosinophils gated (CD11b*Siglec
F*) on the viable CD45*DAPI- cells. n > 4 per group. (G) Representative gating strategy for identification of eosinophils (CD11b*Siglec F*). Percentage
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associated with beige adipogenesis, was dramatically reduced in the Ragl~~ scWAT (Figure 3C). The above
findings argue for CD8* T cell deficiency as the potential driving mechanism behind the induction of energy
dissipation in the Ragl~~ WAT.

Interaction between scWAT CD8* T cells and cells of innate immunity. As has been demonstrated in a number
of studies, the relative abundance and the polarization of macrophages are both important determinants
for the development of insulin resistance and the associated inflammatory features of obesity. The major-
ity of adipose tissue macrophages in baseline conditions bear characteristics of “alternatively activated
M2-like cells,” while as obesity develops, “M]1-like” proinflammatory macrophages become the predom-
inant population (1). We detected no major differences in either the percentages or absolute numbers of
CD11b* F4/80" cells expressed per gram of tissue of the scWAT between WT and Ragl~~ mice with or
without reconstitution with CD8" T cells (Supplemental Figure 2, B and C). Further, we found no evidence
for altered macrophage polarization in either of the experimental groups based on assessment of M1 and
M2 markers (Supplemental Figure 2D). These data suggest that a shift or polarization in the scWAT macro-
phage content is unlikely to mediate the effects of lymphocyte deficiency on beige adipogenesis.

Emerging evidence demonstrates the specific contribution of particular components of type 2 immuni-
ty, like ILC2s and eosinophils, in the regulation of beige adipogenesis (3, 5). We sought to assess the poten-
tial link between these studies and our current findings by assessment of the effect of lymphocyte deficiency
on the abundance of eosinophils and ILCs in the scWAT of WT, Ragl~-, and Ragl~~ mice reconstitut-
ed with CD8* T cells. Specifically, ILCs were defined as CD45", lineage- (CD3-CD4 CD8 CD19B220-
CD11b CD11c FceRI'Gr-1"Terr1197), CD90.2*Sca-1* cells. We found that the percentage of CD90*S-
ca-1* cells gated on CD45" cells in Ragl”~ scWAT was significantly higher (1.244% %+ 0.117%) than that
of the WT scWAT (0.491% = 0.061%) (Figure 3, D and E). Accordingly, the absolute numbers of ILCs
(CDY90.2*Sca-1%) per gram of tissue in the Ragl~~ scWAT were also significantly increased (Supplemental
Figure 2E). A similar pattern was obtained in eosinophils, defined as CD45*CD11b*Siglec F* cells. Specifi-
cally, the percentage of eosinophils gated on CD45* cells (Figure 3, F and G) was higher in Ragl~~ scWAT
(WT: 9.667% * 0.953%; Ragl~~: 13.900% % 0.521%), although the absolute numbers of eosinophils did
not reach significantly different levels between the two genotypes (Supplemental Figure 2F).

Reconstitution of Ragl~~ mice with CD8* T cells reversed the expanded ILC (0.912% % 0.081%)
and eosinophil (7.000% * 0.646%) populations to levels comparable to those detected in the WT scWAT
(Figure 3, D-G, and Supplemental Figure 2, D and E). These findings indicate the dynamic relation
between CD8* T and the cells of the innate immune system, further highlighted by the associated cyto-
kines levels, such as IL-4 or IL-5 and IL-13, measured in the sScWAT of the aforementioned experimen-
tal groups (Figure 3H). Along these lines, a recent report showed that the IL-33-induced ILC2s regu-
late energy homeostasis by increasing the energy expenditure via induction of beige adipogenesis (33),
shown to be mediated by the intra-scWAT levels of IL-4, -5, and -13 (24, 33-35). Together, our findings
provide evidence that in Ragl~~ scWAT enhanced activation of innate cells due to lack of CD8* T cells
may account for their enhanced beige adipogenesis.

CD8* T cells block cold exposure—induced beige adipogenesis. Next, we asked if Ragl~~ mice retain their ability
to respond to stimuli driving the beiging of scWAT, despite their already substantially expanded beige depot
at baseline conditions (Figure 1). For this purpose, we exposed WT and Ragl~~ mice to cold via housing at
4°C, for a period of 2 days (16, 36). We found that Ragl~~ mice could adapt better to cold and thus resisted
hypothermia more efficiently than WT mice, as depicted by the profiling of core body temperature over time
(Figure 4A), while there were no differences between the WT and Ragl~~ scWAT weights (data not shown).
Maintenance of homeostasis upon cold exposure is achieved by catecholamine-induced thermogenesis (16).
Tyrosine hydroxylase (TH), the rate-limiting step in the biosynthesis of norepinephrine (37, 38) and a reli-
able routinely used marker for catecholaminergic neurons (19), was higher in the Ragl~~ scWAT upon expo-
sure to cold (Figure 4B). We confirmed, by double immunofluorescent staining for TH and for the neuronal
marker class III B-tubulin (Tujl), that TH* cells in the scWAT are neuronal cells (39-43) by costaining with
TH and the neuronal marker, Tuj1, of control (WT) scWAT sections (Supplemental Figure 3A). As expect-
ed, cold exposure led to significant induction of scWAT beiging and of corresponding Ucpl expression in
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both WT and Ragl~~ mice (Figure 4, B and C). The differences in the expression of other scWAT genes
between WT and Ragl~~ mice were not as prominent as those detected in room temperature conditions
(Figure 4C). Most importantly, the expression of UCP1 protein (Figure 4B and Supplemental Figure 3B)
and TH remained substantially higher in the Ragl~~ scWAT (Figure 4B), highlighting the contribution of
the lymphocyte deficiency to beige adipogenesis, even in states associated with excess beige fat development.
All the above indicate that Ragl~~ mice retain their ability to respond to physiological challenges, such as
cold, that drive beige adipogenesis, despite their constitutively increased beige adipogenesis.

The better adaptation of the Ragl~~ mice to cold exposure was attenuated by reconstitution with CD8*
T cells. Furthermore, this intervention reduced beige adipogenesis and decreased the expression of TH and
the associated AdRs (Figure 4, A-C) in the scWAT of the Ragl~~ mice. However, the scWAT weight of
reconstituted mice was not different compared with Ragl~~ mice (data not shown).

Next, we assessed the effect of cold exposure on the abundance of eosinophils and ILCs in the scWAT.
Consistent with the above results, reconstitution of Ragl~~ mice with CD8* T cells led to a significant
reduction in the percentage of both eosinophils (11.150% £ 0.902%) and ILCs (1.265% £ 0.065%) gated
on CD45* cells, compared with those of the nontreated Ragl~~ mice (eosinophils: 17.150% % 2.293%;
ILCs:1.759% =+ 0.189%) (Figure 4, D-G), while their absolute numbers did not display any significant
difference (data not shown). At the same time, both eosinophils and ILCs were significantly higher in the
cold-exposed Ragl~~ mice as compared with WT mice (eosinophils: 6.800% * 2.491%; ILCs: 0.943% =+
0.044%) (Figure 4, D and F). This finding indicates that both eosinophils and the total ILCs may partic-
ipate in the cold-induced beiging of Ragl~~ mice. The absolute numbers of eosinophils (WT: 34,082.84;
Ragl~~: 35,087.72) and ILCs (WT: 3,393,272.00; Ragl~": 3,810,893.00) per gram of tissue are relatively
higher in Ragl~~ mice compared with WT mice.

CD8* T cells, the main lymphocytes regulating beige adipogenesis. To strengthen our hypothesis that the absence
of CD8* T cells in Ragl~~ mice accounted for the increased beiging in their scWAT, we compared the pheno-
type of the sc(WAT in CD8* T cell-deficient (CD8-) and WT mice. Initially, we performed indirect calorime-
try in age- and weight-matched CD8~ and WT mice using CLAMS, and we found increased expenditure of
energy in the CD8/~ mice compared with the WT mice (Figure 5A). This could be explained by the fact that
CD8~ mice showed increased total activity (Figure 5B), while they consumed the same amount of food as
the WT mice (Figure 5C). Additionally, RER was found to be lower in the CD8~~ mice, suggesting that, in the
absence of CD8" T cells, mice shift to preferential usage of fatty acids, rather than carbohydrates, as energy
substrate (Figure 5D). In line with their metabolic profile, we found that CD8~ mice exhibited a significant
expansion of the beige fat areas in scWAT; increased expression of beige-driving genes, such as Ucpl, Cidea,
and Dio2 (Figure 5, E and F); and higher percentage of eosinophils content (Figure 5G) compared with the
WT mice. However, we found no apparent differences between the sScWAT and BAT weights between the
two genotypes, despite the increase in the epiWAT weight in the CD8~~ mice (Supplemental Figure 4A), a
finding of unknown significance as of now. We confirmed the above with complementary studies in WT mice
treated either with anti-CD§ antibody or control IgG that supported the impact of CD8* T cell depletion in
the development of beige fat (Supplemental Figure 4B). Further, exposure to cold environment resulted in
the anticipated activation of beige adipogenesis (Figure 5, H and I) and the associated increase in eosinophils
in scWAT (Figure 5J). The absolute number of eosinophils per gram of tissue was 1,285,714 in CD8~~ mice
versus 842,105 in WT mice. No changes were detected in the scWAT weights of age- and weight-matched
WT and CD8~~ mice following cold exposure (data not shown).

IFN-y negatively regulates beige adipogenesis. To further elucidate the specific factor(s) underlying the
effects of CD8" T cells in beige adipogenesis, we next measured the scWAT content in IFN-y, a cytokine
secreted in large amounts by activated CD8" T cells and implicated in the regulation of resident innate
immune cells within the sScWAT (39, 40). Intra-scWAT IFN-y showed a tendency to decrease levels in the
Ragl~ tissue; this difference was, however, abolished following reconstitution with CD8" T cells (Sup-
plemental Figure 5A). To confirm the specific role of CD8-derived IFN-y in this process, we reconstituted
Ragl~~ mice with CD8" T cells isolated from IFN-y—deficient (Ifny~-) mice. In contrast to reconstitution
with WT CD8* T cells that reduced the number of ILCs in the scWAT of Ragl~~ mice, reconstitution with
Ifny~~ CD8* T cells did not affect the number of ILCs in the scWAT of Ragl~~ mice (Supplemental Figure
5B). Additionally, reconstitution of Ragl~~ mice with CD8" T cells derived from Ifny”~ mice did not alter
the UCP1 expression in the scWAT, as opposed to its inhibition following reconstitution with WT CD8* T
cells (Figure 6, A and B), in further support of the contribution of IFN-y in this process.
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Figure 4. Adoptive transfer of CD8* T cells inhibits increased scWAT beiging in Rag1~/- mice exposed to cold environment. Data shown are from the
scWAT of WT, Rag1”-, or Rag1”- mice reconstituted with 5 x 10° CD8* T cells, once a week for 2 weeks. (A) Core temperature measurements. n > 4 per
group. (B) Representative images of H&E and IF staining of UCP1 and TH. Arrows represent the TH* cells. Scale bar: 100 um. n > 3 per group. (C) Relative
expression of thermogenic, lipid metabolism, and adrenergic receptors genes in the scWAT of age-matched mice, housed at 4°C for 2 days at the end of
the second week. Data are shown as mean expression normalized to actin + SEM. n > 5 per group. Data shown are derived from one representative of 2
independent experiments. (D) Representative percentages of eosinophils (CD11b*Siglec F*), housed at 4°C for 2 days. Data shown are representative of 2
independent experiments. Flow cytometry was performed after pooling n > 4 mice per group. (E) Results are expressed as percentages of CD11b*Siglec F*
eosinophils, gated on the viable CD45*DAPI- cells. n > 4 per group. (F) Representative percentages of ILCs positive for CD90.2* Sca-1* Lin~ in WT mice or
Rag1"/- mice treated with PBS or adoptively transferred with CD8* T cells (5 x 10°), once a week for 2 weeks, and housed at 4°C for 2 days are depicted on
the flow cytometry plots. Data shown are representative of 2 independent experiments. Flow cytometry was performed after pooling n > 4 mice per group.
(G) Results are expressed as percentages of CD90.2*Sca-1* Lin~ gated on the viable CD45*DAPI- cells. n > 4 per group. Data are presented as mean + SEM.
*P < 0.05, **P < 0.01, ***P < 0.001, 1-way ANOVA with Bonferroni’s post test.
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Figure 5. CD8"/- mice display increased beiging of scCWAT and thermogenic capacity. (A-D) Assessment of metabolic behavior using indirect calorimetry,
including energy expenditure adjusted to body weight (A), total activity (B), food intake (C), and respiratory exchange ratio (RER) (D). n = 4 per group. Data
shown are derived from 1 experiment. (E) Representative H&E-stained images of scWAT of WT and CD8/- mice. Scale bar: 100 um. n = 3 per group. (F) Rel-
ative expression of beige genes, such as Ucp1, Cidea, and Dio2, in scWAT of CD8/- mice versus WT mice. Data are shown as mean expression normalized to
actin + SEM. n > 4 per group. Data shown are derived from 1 representative of 2 independent experiments. (G) Single-cell suspensions prepared from scWAT,
harvested from either WT or CD8~/- mice, were gated on the viable CD45*DAPI- cells and then depicted as percentages of Siglec F* and CD11b* cells to identify
eosinophils. Flow cytometry was performed after pooling n > 5 mice per group. (H) Representative H&E-stained image of scWAT from WT and CD8/- mice
exposed to cold. Scale bar: 100 um. n = 3 per group. (I) Relative expression of Ucp1in scWAT from CD8~- mice and WT mice. Data are shown as mean expres-
sion normalized to actin + SEM. n > 4 per group. Data shown are derived from 1 experiment. (J) Single-cell suspensions from scWAT of WT and CD8~/~ mice
subjected to exposure at 4°C for 2 days were gated on the viable CD45'DAPI" cells and then analyzed for Siglec F and CD11b expression to measure eosino-
phils. Flow cytometry was performed after pooling n > 5 mice per group. Data are presented as mean + SEM. *P < 0.05, **P < 0.01, Student’s t test.

Next we sought to assess the importance of IFN-y alone in beige adipogenesis by comparing the beig-
ing of the scWAT in Ifny’~ and WT mice. In accordance with our previous findings, IFN-y deficiency was
associated with substantial expansion of the beige areas in the scWAT (Figure 6C), while there were no
differences in the scWAT weights of the age- and weight-matched WT and Ifny”~ mice (Supplemental Fig-
ure 5C). Notably, the epiWAT weight of the Ifny~~ mice was significantly decreased compared with that of
the WT epiWAT (Supplemental Figure 5C). Importantly, the Ifny”~ scWAT displayed increased numbers
of eosinophils (Figure 6D) and of ILCs (Figure 6E) compared with WT scWAT, consistent with the mech-
anisms employed by CD8" T cells to inhibit beige formation. Furthermore, a significant increase was noted
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Figure 6. Increased beiging and eosinophils in the scWAT of Ifny~- mice. (A) Representative images of UCP1 IF staining in the scWAT of WT or Rag1”~
mice treated with PBS or adoptively transferred with 5 x 10° WT-derived or Ifny~/--derived CD8* T cells, once a week for 2 weeks. Scale bar: 100 um. (B) The
relative UCP1 mean intensity in the above groups. Values represent mean + SD intensity of 15 patches for every image. n = 3 per group. ***P < 0.001, 2-way
ANOVA. (C) Representative images of H&E and UCP1 IF staining of scWAT from WT and Ifny~/- mice. Scale bar: 100 um. n = 3 per group. Data shown are
derived from 1 experiment. (D) Gating strategy for the identification of eosinophils gated on viable CD45*DAPI- cells and further identified as CD11b*Siglec
F* cells. Data shown are depicted as percentages. Flow cytometry was performed after pooling n > 4 mice per group. (E) Gating strategy for the identifi-
cation of total ILCs in WT mice or Rag1”/~ mice treated with PBS or adoptively transferred with 5 x 10° WT CD8* T cells or CD8* T cells derived from Ifny~/-
mice, once a week for 2 weeks. Percentages of cells positive for CD90.2*Sca-1"Lin" gated on the viable CD45*DAPI- cells are depicted on the flow cytometry
plots. Flow cytometry was performed after pooling n > 4 mice per group. (F) Absolute numbers of total ILCs (CD90.2* Sca-1*Lin") per gram of tissue in
scWAT of WT and Ifny~- mice. n = 5 per group. Data are presented as mean + SEM. *P < 0.05, Student’s t test.

in the absolute numbers of eosinophils (WT: 810,000; Ifny~~: 1,100,000) and of ILCs per gram of tissue in
Ifny”~ scWAT compared with WT scWAT (Figure 6F).

To summarize, our findings demonstrate that the inhibitory effects of CD8* T cells on the formation
of beige fat are exerted at several levels, including regulation of the catecholaminergic input to the sScWAT,
targeting of specific adipocyte differentiation processes in an IFN-y—dependent manner, and reduction of
the abundance of cells of innate immunity (eosinophils, ILCs), and, thereby, a decrease of the levels of
cytokines promoting beiging, such as IL-4, IL-5, and IL-13 (24) (Figure 7).
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Figure 7. Schematic representation of the effects of the CD8* T cells in the beiging of the scWAT. CD8* T cells inhibit beige adipose tissue devel-
opment in the scWAT by modulating the catecholaminergic input to scWAT and reducing the abundance of implicated innate immune cells and the
associated cytokines, such as IL-4, IL-5, and IL-13, shown to induce beige fat formation (25). sScWAT CD8* T cells derived IFN-y are a major mediator
of these effects of the CD8* T cells.

Discussion

In this paper, we describe a pathway in the regulation of beige adipogenesis, involving crosstalk of
CD8" T cells with catecholaminergic signaling and associated innate immune cells. In particular, we
leveraged the Ragl~~ mouse model to unmask the significant contribution of T cells, particularly of
CD8" T cells, in energy homeostasis, as regulated at the level of the adipose tissue. We demonstrate
that CD8* T cell deficiency results in the induction of beige adipogenesis in the scWAT of Ragl~/~
mice and corresponding changes in energy expenditure.

By employing several complementary approaches (CD8* T cell reconstitution in Ragl-deficient,
CD8*-deficient, or Ifny’~ mice), we can unequivocally demonstrate the inhibitory effect of CD8*
T cells on beige adipogenesis. Interestingly, we identified that several mechanisms involved in the
immune plasticity and homeostatic functions of WAT likely cooperate with each other in mediating
the inhibitory effect of CD8" T cells on this process.
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Our findings on increased expression in the sScWAT of AdR(s) and TH, the rate-limiting enzyme for
the synthesis of catecholamines, as well as drastic reduction of beiging upon treatment with the a-blocker
prazosin hydrochloride, indicate the critical contribution of the increased catecholaminergic input in the
beige adipogenesis in Ragl~~ mice. Although effects of a-adrenergic activation on lymphocytes have been
reported (41-43), the potential effect of lymphopenia or lymphocytosis on catecholamine production and
actions remains unknown (44). Notably, the catecholaminergic system in Ragl~~ mice retains its plasticity
despite constitutive activation, as demonstrated by its sensitivity to temperature changes, including accli-
matization or cold exposure, or even the reversal of catecholaminergic activity upon reconstitution of the
missing CD8* T cells.

Interaction between adipocytes and cells of type 2 immunity was shown to regulate homeostasis and
beige adipogenesis of the WAT in lean conditions. More specifically, it has been shown that beige fat devel-
opment is dependent on ILC2s, eosinophils, and cytokines of type 2 immunity that act in concert to drive
the differentiation of precursor cells to the smaller, multilocular beige adipocytes in specific WAT depots
(24, 33). In agreement, Ragl~~ mice had increased ILCs in the scWAT that were dramatically decreased
following reconstitution with CD8" T cells to levels resembling those in the WT tissue. We show that
Ragl~~ mice, in addition to the increased ILCs and the associated cytokines, displayed increased IL-4 levels
in the scWAT. On the other hand, both macrophage content and M2-specific markers were unaltered in the
scWAT of Ragl~~ mice, suggesting that enhanced catecholaminergic signaling and beige adipogenesis in
Ragl~~ mice do not necessarily involve alterations in macrophage numbers. These data indicate a CD8" T
cell deficiency—mediated mechanism for beige adipogenesis that is not linked with alteration in M2 macro-
phage numbers, in further confirmation of the multifaceted regulation of this process (45). Reconstitution
with CD8* T cells decreased the abundance of eosinophils and ILCs and blocked beige adipogenesis and
the associated lipid oxidation in the scWAT of Ragl~~ mice, despite the deficiency in the other lymphocyte
types. Furthermore, reversal of the Ragl~~ scWAT phenotype via replenishment of the missing CD8* T
cells, led us to the hypothesis that CD8* T cells can counteract the effects of cells of innate immunity on
beige adipogenesis. Our finding on increased beige adipogenesis in CD8~~ mice provided strong support for
this hypothesis. Moreover, although this study has focused on the CD8* T cell-mediated regulation of beig-
ing in the scWAT, the main fat depot with beiging capability, it is also conceivable that CD8" T cells might
also act on other fat depots, such as epiWAT. Further, preliminary evidence from studies in CD4~~ mice
suggested that CD4" T cells may also modulate beige adipogenesis, although in a less consistent manner,
suggesting CD8" T cells as the predominant T cell group involved in beige adipogenesis. As the CD4* T cell
pool is more diverse and more vulnerable to the experimental conditions applied, additional experiments
are required to elucidate the exact positioning of this T cell subpopulation in the development of beige fat,
which, however, needs to be addressed in a future study.

To further explore the mechanisms mediating the effects of CD8" T cells in beige adipogenesis,
we assessed the effect of molecules secreted by CD8" T cells likely to effect on beige adipogenesis.
According to the literature, obese Ifny~~ mice have been shown to have improved insulin sensitivity and
decreased adipocyte size, suggesting the beneficial effects of IFN-y deficiency for energy homeostasis
(46). In line with this, we identified significant induction of beige fat generation and increased concen-
tration of ILCs and eosinophils in the scWAT of Ifny~~ mice, all indicative of activation of mechanisms
mediating utilization of energy. Finally, reconstitution of Ragl~~ mice with Ifny”- CD8" T cells did not
affect beige fat abundance in the scWAT, in contrast to the inhibitory (ablating) effect upon transfer of
WT CD8" T cells. As established, CD8"* T cells are not the only source of IFN-y, as NK cells and ILC1
have been also shown as additional IFN-y sources in the adipose tissue (47, 48). Assessment of the
intra-scWAT levels of IFN-y in Ragl~~ mice before and after reconstitution with CD8"* T cells demon-
strated that at least the contribution CD8* T cells to the total IFN-y levels in this tissue is substantial
(Supplemental Figure 5A) (49). Inhibition of beige adipogenesis upon reconstitution with CD8* T cells
may be mediated by the increased intra-scWAT levels of IFN-y, which might also exert dose-depen-
dent effects on other inhibitors of beige adipogenesis. Notably, TH overexpression has been shown to
decrease the production of IFN-y (50), while challenge of PBMCs with IFN-y decreased TH expression
and the associated catecholamine production (43, 51). One other way to modulate IFN-y levels and thus
effect beige adipogenesis is to target upstream key pathways, such as IL-12 or STAT4 that lead to IFN-y
production or block IFN-y itself (52). All of the above argue for operation of additional circuits among
CDS8* T cells, IFN-y, and beige fat development.
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Our findings raise the possibility for the potential benefits of targeted therapeutic interventions to lever-
age the effect of the CD8* T cells on the blockade of energy dissipation (15). Similar strategies targeting
the inhibitory effect of CD8" T cells on the liver have been proposed for the treatment of diet-induced
steatohepatitis and the associated hepatic carcinogenesis (32). Our findings also support the hypothesis that
aggressive immunotherapies, for instance, employed in malignant and inflammatory disease, may substan-
tially affect the regulation of energy homeostasis, which is already altered in these patients. This hypothesis
raises the possibility that patients treated with immunomodulatory agents for cancer and other diseases
may present with altered control of systemic metabolism, which, in a context-dependent manner, could
also bear beneficial effects. Illuminating the specifics of the crosstalk between immunotherapeutic inter-
ventions and metabolism may provide a great benefit to patients, as these therapies extend to a number of
diseases (14, 53, 54).

Methods

Animals and animal care. Age-matched (8—12 weeks) male mice, of Ragl™-, CD8-, and IFN-y~/~ genotype,
on C57BL/6J background were purchased from Jackson Laboratories and were bred in-house in a patho-
gen-free, temperature-controlled (22°C) environment, with a 12-hour-light/dark cycle, in accredited animal
facilities at the Biomedical Research Foundation Academy Of Athens (BRFAA). Age- and weight-matched
(22-25 g) WT mice with the above genotypes on C57BL/6J background were provided by the animal
facilities at the BRFAA. All mice used for experimentation were provided by the colonies maintained in
our facility for several generations in order to normalize facility-dependent changes in metabolic and other
functions. Male mice 812 weeks of age were used at the start of each experiment. Mice were allocated
randomly in experimental groups for each genotype.

Indirect calorimetry. Metabolic measurement was performed using an Oxymax indirect calorimetry sys-
tem (Columbus Instruments). In short, preweighed mice were housed individually in specifically designed
Oxymax calorimeter chambers with ad libitum access to diet and water for 72 hours, a 12-hour-light/dark
cycle, and an ambient temperature of 22°C. Mice were singly housed for 2 days prior to transferring into
the calorimeter chamber. VO,, VCO,, and rates were determined under Oxymax system settings as follows:
air flow, 0.6 1/min; sample flow, 0.5 I/min. The system was calibrated against a standard gas mixture to
measure O, consumed (VO,, ml/kg/h) and CO, generated (VCO,, ml/kg/h). Energy expenditure (kcal/h/
kg), respiratory quotient (ratio of VCO,/VO,, RER), food intake (g), and activity (counts) were evaluated
over a 48-hour period. The results were normalized and compared with the WT group per cohort, the
results of which were set as 100%.

Tissue homogenization protocol for ELISA. scWAT from mice were weighed and homogenized with 600
ul cold HBSS (1x) supplemented with proteinase inhibitors (1:200) by using a tissue homogenizer. The
homogenates were centrifuged at 400 g for 15 minutes at 4°C, and the supernatant was stored at —80C until
analyzed. IL-4, IL-5, IL-13 (mouse IL-4, IL-5, IL-14 Elisa Ready-SET-Go!, eBioscience) and IFN-y protein
levels were determined by using ELISA (Biolegend ELISA Max).

Thermoneutrality experiment. Eight-week-old WT and Ragl~~ C57BL/6 mice were individually caged
and housed at 28°C-30°C, with a 12-hour-light/dark cycle and free access to a standard chow diet for 20
days. Mice were housed in a controlled temperature room in the animal facilities at BRFAA.

Cold exposure experiment. Eight-week-old mice WT and Ragl~~ mice were housed in individual cages
and acclimated at 18°C for 2 days followed by cold exposure at 4°C for another 2 days according to stan-
dard protocol. Core temperature was measured using an YSI Tele-Thermometer (Simpson Electric Co).

Histological analysis. Tissues were dissected, fixed in 4% paraformaldehyde solution overnight, and
processed for routine paraffin histology. Paraffin-embedded tissues were sectioned at 5 um and stained
with H&E according to standard protocols. Adipocyte cell size was measured by automated software
developed in our lab using Matlab. Images were obtained using a bright-field LEICA DMLS2 micro-
scope. For immunohistochemistry, the tissues were incubated with 0.1% w/v Pronase (MilliporeSigma)
at 37°C for 8 minutes and then washed again, blocked with PBS containing 10% normal goat serum
and 0.1% Triton X-100 and incubated with the primary antibodies overnight at 4°C. UCP1 was detected
using rabbit anti-Ucpl antibody (ab10983, Abcam) at a concentration of 1:500, TH was detected by
rabbit anti-TH (AB152; Millipore) at a concentration of 1:1,000, and B-tubulin was detected by mouse
anti-Tujl (60052, STEMCELL Technologies Inc.). After several PBS washing steps, the tissue was incu-
bated with the secondary antibody donkey anti-rabbit Alexa Fluor 488 (Thermo Fischer Scientific) or
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donkey anti-mouse Alexa Fluor 568 (Thermo Fischer Scientific). Another washing step was followed by
DAPI incubation and further washing steps before the sections were mounted using Vectashield mount-
ing medium (Vector). For quantification of TH expression, parenchymal nerve fibers (Tujl*) were mea-
sured in 5 randomly selected area of the depot. Images were obtained using a confocal inverted LEICA
TCS SP5 (DMI16000). For UCP1 quantification, patches (15 patches for every image, sized 128 x 128
pixels) of images were randomly selected, and the mean intensity of the staining was measured.

Adoptive transfer studies. To examine the effects of T cells in beige adipogenesis, 12-week-old Ragl~/~
mice fed a chow diet were used for adoptive transfer of splenocytes, cells rich in B and T cells. Addi-
tionally, Ragl~~ mice, kept either at 24°C or 4°C, were adoptively transferred with CD8* T cells.
Splenocytes were obtained from the spleens of lean C57BL/6 WT mice and dissociated into single-cell
suspensions and red blood cells were removed. CD8* T cells were purified from the spleens of WT
C57BL/6 male mice using mouse CD8a (Ly-2) microbeads (130-049-401, Miltenyi Biotec) according
to the manufacturer’s protocol. A total of 5 x 10° splenocytes containing 15%—-20% CD8* T cells
(around 8 x 10%) or 5 x 10° CD8* T cells were injected retro-orbitally weekly and sacrificed after 2
weeks. Control groups received retro-orbital injections of PBS. Purity of CD8* T cells injected was
measured by FACS analysis and was >85%. Homing of CD8* T cells in the scWAT was confirmed by
flow cytometry analysis.

In vivo depletion of CD8* T cells. WT mice received 200 pg anti-CD8 antibody (BE0004-1, Bio X Cell)
or normal rat IgG (control) (Bio X Cell) by the i.p. route at days 0, 2, and 6. Mice were euthanized at day
10 for further analysis. The depletion was assessed at days 24 hours after the treatment with mAbs by flow
cytometric blood analysis.

ScWAT preparation for flow cytometry analysis. sSCWAT was removed, weighed after careful removal of
lymph nodes, and kept on ice in 3-cm dishes with Buffer I (PBS with 1 mM CaCl, and 0.5% BSA). The
tissue was finely minced and washed with Buffer I at 500 g at 4°C for 10 minutes to remove erythrocytes
and free leukocytes. The floating tissue (upper phase) was removed following centrifugation and was further
dispersed by shaking into DMEM (high glucose) medium containing fresh collagenase D (2mg/ml) and
0.5% BSA (1 ml/ tissue g) at 37°C for 30—40 minutes with gentle agitation. Cell suspension was topped up
to 10 ml by DMEM medium and then passed through 100-um filters to generate single-cell suspensions,
before being centrifuged at 300 g for 5 minutes to separate floating adipocytes from the SVF pellet. The cell
pellet was resuspended in FACS buffer (PBS with 0.1% BSA and 2.5 mM EDTA) prior to staining with the
indicated antibodies.

Flow cytometry. scWAT was processed and stained with fluorochrome-conjugated monoclonal anti-
body combinations for ILC staining. Monoclonal antibodies used for flow cytometry were as follows:
allophycocyanin (APC) anti-CD45 (30-F11; Biolegend); phycoerythrin (PE) anti-CD3 (145-2C11; Bio-
legend); PE anti-CD4 (E121.19; Biolegend); PE anti-CD8 (53-6.7; Biolegend); PE anti-CD19 (6D5;
Biolegend); PE anti-B220 (RA3-6B2; Biolegend); FITC CD11b (M1/70; Biolegend); PE anti-CD11c
(N418; Biolegend); PE anti-FceRI (MAR-1; Biolegend); PE anti-Gr-1 (RB6-8C5; Biolegend); PE anti-
Ter119 (Ter/119; Biolegend); peridinin-chlorophyll proteins (PercP) anti-CD90.2 (53-2.1; Biolegend);
PE/Cy7 anti-Scal (D7; Biolegend) and Alexa Fluor 488—Gata3 (16E10A23; Biolegend). Represen-
tative gating schemes for each population are shown in Figure 3D. ILCs are identified as CD45%,
lineage- (CD3CD4 CD8CDI19B220CD11bCD11cFceRI"Gr-1"Terr119) CD90.2* Sca-1* cells.
scWATSs were processed and stained with fluorochrome-conjugated monoclonal antibody combina-
tions for eosinophil staining. Eosinophils were identified as CD45*, CD11b*, and Siglec F* cells. Rep-
resentative gating schemes are shown in Figure 3F. Trafficking of CD45*CD3*CD8" in the scWAT
was assessed using the following monoclonal antibodies: APC anti-CD45 (30-F11; Biolegend); FITC
anti-CD3 (145-2C11; Biolegend), and PeCy7 anti-CD8 (53-6.7; Biolegend). Representative gating
schemes are shown in Supplemental Figure 2A. Macrophage assessment of the subcutaneous adipose
tissue was assessed by staining with the following fluorochrome-conjugated monoclonal antibodies:
APC anti-CD45 (30-F11; Biolegend); FITC anti-CD11b* (M1/70; Biolegend); and PE F480* (BMS;
eBioscience). Representative gating schemes are shown in Supplemental Figure 2B. Samples were
analyzed on a FACSAria IIT (Becton Dickinson). As indicated, data are expressed as percentages of
CD45* hematopoietic cells. Live lymphocytes were gated by DAPI exclusion, size, and granularity
based on forward- and side-scatter. Data were analyzed using BD FACSDiVa software. Appropriate
isotype-matched controls for all antibodies were used to determine positive staining.
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Western blot. Tissues were harvested in RIPA buffer (ThermoFisher Scientific) with 1% protease
and 1% phosphatase inhibitors (ThermoFisher Scientific). 20 ng protein was loaded into each well
of a 4%—12% Bis-Tris polyacrylamide gel (ThermoFischer Scientific) and transferred to nitrocellulose
membrane (ThermoFischer Scientific). Protein-bound membranes were blocked for 30 minutes with 5%
nonfat dry milk in 0.1% Tris-buffered saline with Tween and incubated with rabbit anti-Ucpl antibody
(ab10983, Abcam) or anti-tubulin (ab15568, Abcam) in blocking buffer overnight at 4°C. Membranes
were treated with HRP-conjugated secondary antibodies diluted 1:5,000 in blocking buffer for 2 hours
and rinsed with Pierce ECL chemiluminescent solution (Thermo Fischer Scientific). Membranes were
immediately read in a Kodak Image Station 4000 mm PRO, and protein levels were quantified using
ImageJ (NIH) free, open-source software.

Quantitative real-time RT-PCR. Total RNA was isolated from tissues using TRI reagent (MilliporeSigma)
and treated with DNase using the DNA-free kit (Ambion). Complementary DNA was made from 2 pg
total RNA by MMLYV reverse transcriptase (Invitrogen) and initiated from random hexamer primers (Life
Technologies Inc). Quantitative real-time PCR analysis was performed using RT? SYBR Green qPCR Mas-
ter Mix (SA biosciences) in a ABI PRISM 7000 Sequence Detection System (Applied Biosystems). Primers
used for real-time PCR are shown in Supplemental Table 1. Gene expression levels were normalized to
actin in vivo and calculated according to the 222 method.

Adrenergic blockade. For a-adrenergic blockade, prazosin hydrochloride (MilliporeSigma), a selective
al-adrenergic antagonist, was administered via the drinking water (8 mg/kg) for 5 days.

Statistics. Data are presented as mean = SEM. All statistical analysis was performed using GraphPad
Prism software version 5.0. The statistical significance of the differences between various treatments was
measured by either the 2-tailed Student’s ¢ test or 1-way ANOVA with Bonferroni’s post-test. A P value of
less than 0.05 was considered statistically significant. Sample size, number of replicates, and statistical tests
are reported in figure legends.

Study approval. All experimental procedures reported here were approved by the competent veterinary
authority of the prefectures of Athens, Greece, in accordance with the National Registration (Presidential
Decree 56/2013) and with European Directive 63/2010.
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