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Abstract

Mycobacterium tuberculosis (Mtb) primarily resides in the lung but can also persist in extra-
pulmonary sites. Macrophages are considered the prime cellular habitat in all tissues. Here
we demonstrate that Mtb resides inside adipocytes of fat tissue where it expresses stress-
related genes. Moreover, perigonadal fat of Mtb-infected mice disseminated the infection
when transferred to uninfected animals. Adipose tissue harbors leukocytes in addition to
adipocytes and other cell types and we observed that Mtb infection induces changes in adi-
pose tissue biology depending on stage of infection. Mice infected via aerosol showed infil-
tration of inducible nitric oxide synthase (INOS) or arginase 1 (Arg1)-negative F4/80" cells,
despite recruitment of CD3*, CD4" and CD8* T cells. Gene expression analysis of adipose
tissue of aerosol Mtb-infected mice provided evidence for upregulated expression of genes
associated with T cells and NK cells at 28 days post-infection. Strikingly, IFN-y-producing
NK cells and Mtb-specific CD8" T cells were identified in perigonadal fat, specifically
CD8*"CD44°CD69* and CD8"CD44 CD103* subpopulations. Gene expression analysis of
these cells revealed that they expressed IFN-y and the lectin-like receptor Kirg1 and down-
regulated CD27 and CD62L, consistent with an effector phenotype of Mtb-specific CD8* T
cells. Sorted NK cells expressed higher abundance of Kirg7 upon infection, as well. Our
results reveal the ability of Mtb to persist in adipose tissue in a stressed state, and that NK
cells and Mtb-specific CD8* T cells infiltrate infected adipose tissue where they produce
IFN-y and assume an effector phenotype. We conclude that adipose tissue is a potential
niche for Mtb and that due to infection CD8* T cells and NK cells are attracted to this tissue.
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Author summary

In 2015, tuberculosis (TB) affected 10.4 million individuals causing 1.8 million deaths per
year. Yet, a much larger group- 2 billion people-harbors latent TB infection (LTBI) with-
out clinical symptoms, but at lifelong risk of reactivation. The physiological niches of
Mycobacterium tuberculosis (Mtb) persistence remain incompletely defined and both pul-
monary and extrapulmonary sites have been proposed. Adipose tissue constitutes 15-25%
of total body mass and is an active production site for hormones and inflammatory medi-
ators. The increasing prevalence of obesity, has led to greater incidence of type 2 diabetes.
These patients suffer from three times higher risk of developing TB, pointing to a potential
link between adipose tissue and TB pathogenesis. In individuals with LTBI, Mtb survives
in a stressed, non-replicating state with low metabolic activity and resting macrophages
serve as preferred habitat and become effectors after appropriate stimulation. Here we
demonstrate that Mtb can infect and persist within adipocytes where it upregulates stress-
related genes. In vivo, relative proportions of leukocyte subsets infiltrating adipose tissue
varied under different conditions of infection. During natural aerosol Mtb infection, dis-
tinct leukocyte subsets, including mononuclear phagocytes, Mtb-specific CD8" T cells
and NK cells infiltrated adipose tissue and became activated. Thus, our study shows that
adipose tissue is not only a potential reservoir for this pathogen but also undergoes signifi-
cant alteration during TB infection.

Introduction

In 2015, tuberculosis (TB) affected 10.4 million individuals leading to 1.8 million deaths glob-
ally [1, 2]. TB is primarily a disease of the lung, which serves as port of entry and site of disease
manifestation. In the lung, Mycobacterium tuberculosis (Mtb) is preferentially entrapped in
granulomas [3]. Approximately one-third of the global population suffers from latent TB
infection, which persists without apparent clinical signs of disease, and which can be reacti-
vated to active TB at later time points [4]. The niches where Mtb persists remain incompletely
understood and both pulmonary and extrapulmonary sites have been proposed [5]. Adipose
tissue, which harbors pathogens such as Trypanosoma cruzi [6, 7] constitutes 15-25% of the
total body mass [8] and is a rich source of hormones and inflammatory cytokines that partici-
pate in host defence against infectious agents [6, 9]. In vitro studies revealed that murine adi-
pocytes release TNF, IL-6, IL-12p40 and IL-10 upon Mtb infection [10]. These cells are also
susceptible to infection with Chlamydia pneumoniae, influenza A, respiratory syncytial virus
[11] and human immunodeficiency virus (HIV) [12, 13]. While some epidemiological studies
suggest that obesity is inversely associated with TB [14-16], others have found a positive
genetic association between the two diseases [17]. Obesity and changing patterns of diet are
associated with type 2 diabetes, and complex interrelations between nutrition, obesity, diabe-
tes, and TB are increasingly appreciated [18]. Therefore, we embarked on a systematic in vivo
study towards better understanding of the role of adipose tissue in Mtb infection.

Resting macrophages are the preferred habitat of Mtb, which turn into effector cells after
appropriate activation. Adipose tissue includes diverse cell types such as monocytes, F4/80"
macrophages [19], CD4" and CD8" T cells [20, 21], endothelial cells, and vascular smooth
muscle cells [6] and proportions of these cell populations vary under different pathophysio-
logic conditions [19, 20]. Here, we identified Mtb in adipocytes of fat tissue after aerosol infec-
tion of mice and expression of stress-related genes in Mtb within human and mouse
adipocytes. We also demonstrated the capacity of adipose tissue to carry Mtb when transferred
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to uninfected animals. Finally, we identified Mtb-specific effector CD8" T cells and NK cells
expressing IFN-y in adipose tissue after aerogenic Mtb infection. We conclude that adipose tis-
sue provides a potential sanctuary for Mtb in vivo and that Mtb persistence markedly affects
adipose tissue biology.

Results
Mtb expresses stress-related genes in adipocytes

When human and murine adipocytes were cultured with Mtb in vitro, approximately 80% of
the bacterial inoculum was engulfed within 24 h (Fig 1A, 1B and 1C), consistent with pub-
lished data on Mtb uptake by mouse adipocytes [5]. In a control experiment, professional
phagocytes, such as the human macrophage cell line THP-1, took up nearly 98% bacteria
under comparable conditions. To determine whether Mtb can replicate inside human and
murine adipocytes we counted CFUs between 4 h and 6 days post-infection in presence or
absence of the cell-impermeable antibiotic amikacin. Over time, numbers of CFUs remained
constant indicating that Mtb did not replicate inside adipocytes (Fig 1D, 1E and 1F), again cor-
roborating previous findings [5]. During persistence in the host under stress conditions [22],
Mtb becomes dormant and expresses a specific gene program under the control of the dor-
mancy survival regulon (dosR, Rv3133c) [23, 24]. These genes include hspX (Rv2031), which
encodes alpha-crystallin, and lat (Rv3290c) encoding a lysine aminotransferase [25], which are
considered as mycobacterial stress markers [26]. In Mtb-infected human adipocytes after 48 h,
both dosR and lat were upregulated (Fig 1G) while in the murine cell line 3T3-L1, dosR and
hspX were induced (Fig 1H). We note that relative expression levels varied between experi-
ments, likely reflecting biological variations in commitment to dormancy and conclude that
Mtb is internalized by human and mouse adipocytes where it ceases from replication and
becomes stressed.

After aerosol infection of mice Mtb resides in perigonadal fat

We next evaluated whether Mtb resides in adipose tissue after aerosol infection of mice. For
these experiments we evaluated the Mtb-CFUs present in the whole perigonadal fat pad, which
was extensively washed to exclude possible blood contamination. Perigonadal fat pad was eval-
uated because obesity studies have reported its association with insulin resistance [27, 28]. At
14 and 28 days post-infection, CFUs of Mtb were not only detected in lung and spleen but also
in perigonadal fat of infected mice (Fig 2A). These organs also harbored Mtb at 56 and 90 days
post-infection (S1A Fig). Mtb was detectable in perigonadal fat of 17% to 83% of mice at 14
and 28 days post-infection throughout the experiments, while dissemination from lung to
spleen was observed in all animals at these time points. The abundance of Mtb in perigonadal
fat tended to increase with inoculum dose via aerosol (50 CFUs: no colonies; 200 CFUs:
logCFUs from 0.1 to 0.9; 4 out of 6 animals showed colonies) (Fig 2B). Mtb-CFUs were also
observed in subcoutaneous fat after aerosol infection (S1B Fig). In addition to adipocytes, fat
tissue contains numerous cell types including macrophages [19] and T cells [20, 21], which
together form the stromal vascular fraction (SVF). When adipose fraction and SVF were
mechanically and enzymatically separated, Mtb was identified both in the adipose fraction and
in the SVF between 14 and 28 days post-infection (Fig 2C) indicating that adipose cells as well
as leukocytes present in the fat tissue harbor Mtb. To investigate whether Mtb residing in peri-
gonadal fat had entered a stressed state we evaluated the expression of the latency genes dosR,
hspX and lat. Importantly, Mtb residing in the adipose fraction and in SFV expressed the dosR,
hspX and lat genes (Fig 2D), indicating activation of the stress-related program. The variability
in the extent of the gene responses between adipose fraction and SVF could indicate different
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Fig 1. Mtb infects human and mouse adipocytes in vitro and expresses stress-related genes. (A-C) Immunofluorescence staining and
quantification of extra- and intracellular Mtb-GFP at multiplicity of infection (MOI) of 20 after 24 h in (A) SGBS human cell strain; (B) primary
adipocytes from human subcutaneous fat; (C) 3T3-L1 mouse cell line. Blue: DAPI. Original magnification 1,000x. Data are representative of two
independent experiments (triplicates). (D-F) logso Mtb CFUs at indicated time points post-infection with MOI = 5 in the presence or absence of
amikacin in (D) SGBS human cell strain, (E) 3T3-L1 mouse cell line, (F) primary adipocytes from human subcutaneous fat; data are representative
of two to four independent experiments. (G-H) Expression of Mtb genes dosR, hspX and /atin (G) SGBS human cell strain and (H) 3T3-L1 mouse
cellline. Cells were infected with MOI = 5. Steady state transcript levels were normalized to Mtb sigA expression. Means of duplicates from four to
six independent experiments are shown. Abbreviations: E, extracellular; |, intracelular; SGBS, Simpson-Golabi-Behmel syndrome.

https://doi.org/10.1371/journal.ppat.1006676.9001

metabolic adaptations of Mtb present in those tissues. PCR reaction directed at the Mtb-spe-
cific IS6110 insertion sequence confirmed the presence of Mtb in adipose tissue from aerosol-
infected mice and revealed again considerable variations between individual animals (Fig 2E).
Similar to experiments in which Mtb from perigonadal fat was enumerated, in these experi-
ments on average approximately 50% of samples were positive for Mtb. Confocal microscopy
of perigonadal fat from i.v. infected mice consistently confirmed Mtb residence inside adipose
tissue in vivo (Fig 2F).

To further validate the presence of Mtb in adipose tissue of mice we infected prospective
donor animals i.v. Fourteen days after infection we collected the perigonadal fat, washed it
extensively to avoid blood contamination, homogenized it and injected it subcutaneously to
naive recipient mice. Mtb was detected in lung, spleen, perigonadal and subcutaneous fat from
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Fig 2. Mtb expresses stress-related genes in perigonadal fat at different time points post aerosol-infection of mice. (A) log;o Mtb CFUs in
spleen, lung and perigonadal fat at different time points post aerosol-infection (200 CFUs). Data are representative of four independent experiments
(medians). (B) log1o Mtb CFUs in spleen, lung and perigonadal fat at day 28 post aerosol-infection with 50 or 200 CFUs. Data are representative of two
independent experiments (median); ** p<0.01 (Mann-Whitney test). (C) log1o Mtb CFUs in spleen, lung and AD and SVF fractions of perigonadal fat at
different time points after aerosol infection. Data representative of two independent experiments (medians). (D) Expression of Mtb genes dosR, hspX
and /atin the AD and SVF fractions of perigonadal fat at day 28 post aerosol-infection. Results of four independent experiments pooled (medians);
*p<0.05 (Mann-Whitney test). (E) PCR specific for Mtb (IS 6110) in perigonadal fat at day 14 post aerosol-infection. Each lane represents a different
mouse. Data representative of two independent experiments. (F) Immunofluorescence staining of perigonadal fat of mice infected i.v. with Mtb-GFP at 48
h after infection (arrows, green). Blue: DNA-intercalating dye Draqg5. Data representative of two independent experiments. (G) log;o Mtb CFUs in spleen,
lung, perigonadal (P) and subcutaneous (SC) fat from uninfected mice that received a subcutaneous injection of pergonadal fat from mice previously
infected with 5x10° CFUs of Mtb. Organs were collected 14 days after the transfer of perigonadal fat. Data representative of two independent
experiments (medians). Abbreviations: AD, adipose fraction; P, perigonadal; SC, subcutaneous; SVF, stromal vascular fraction.

https://doi.org/10.1371/journal.ppat.1006676.9002

previously naive recipient mice confirming that Mtb had been present in adipose tissue of
donor animals (Fig 2G). Mtb was not only found in the spleen and lung of donor mice (S1C
Fig) but also in perigonadal fat of control mice infected at the same time as donors (S1D Fig).

Leukocytes infiltrate perigonadal fat after aerogenic Mtb infection

Adipose tissue composition varies depending on metabolic changes. However, little is known
about alterations in adipose tissue during infectious diseases including TB. Immunohistologic
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Fig 3. Leukocytes infiltrate perigonadal fat post aerosol-infection with Mtb. (A) Immunohistochemical
staining for leukocyte infiltration at day 28 post aerosol infection. Data representative of two independent
experiments. (B) Immunofluorescence staining of F4/80" Arg1* or iNOS* cells at day 28 post aerosol-
infection. Blue: DAPI. Data representative of two independent experiments. (C) Number of leukocytes per hpf
at day 28 post aerosol-infection. Results of two independent experiments pooled (medians); *p<0.05 (Mann—
Whitney test). Abbreviations: HE, hematoxilin and eosin staining; hpf, high power field.

https://doi.org/10.1371/journal.ppat.1006676.9003

examination at day 28 post-aerosol infection revealed that F4/80" macrophages, CD3", CD4"
and CD8" cells localized in perigonadal fat (Fig 3A and 3C), whereas no positive staining for
myeloperoxidase (MPO) abundantly expressed in neutrophils, or for the pan B cell marker
B220 was observed (Fig 3C). Surprisingly, neither arginase 1 (Argl) (M2 type) nor inducible
nitric oxide synthase (iNOS) (M1 type) could be detected in F4/80" macrophages infiltrating
perigonadal fat (Fig 3B and 3C) indicating that other cell types expressed these enzymes in adi-
pose tissue of infected animals. The higher numbers of F4/80" macrophages present in perigo-
nadal fat after aerosol infection point to these cells as likely hosts of Mtb in the SFV as depicted
in Fig 2C. Additionally, perigonadal fat tissue from Mtb-infected mice exhibited a marked
staining for CD3 indicating the presence of T cells and both CD4" and CD8" T cell subsets
outnumbered those in uninfected tissue (Fig 3A and 3C). At day 14 post-infection, no signs of
leukocyte infiltration were noted. Immunohistology of infected tissue also revealed that adipo-
cyte size did not change after infection (S2A Fig), which is in agreement with the absence of
higher abundance of free fatty acids in serum of infected animals (S2B Fig). In summary, dif-
ferent leukocyte populations infiltrate perigonadal fat after aerogenic Mtb infection indicating
phenotypic alterations in this tissue.

Mtb infection induces changes in gene expression in perigonadal fat

We determined the global gene expression profile of perigonadal adipose tissue after Mtb aero-
sol infection. The global transcription profile did not reveal statistically significant changes at
day 14 post-infection, (Fig 4A and 4B) whereas at day 28, statistically significant differences in
gene expression were observed (Fig 4A and 4B). Several differentially regulated genes support
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https://doi.org/10.1371/journal.ppat.1006676.9004

the presence of CD8" T cells in perigonadal fat of infected mice (Fig 4A), including Cd3d,
Cd8a, Ifng, Gzmb, Fasl, 112rg, Lat, Tbx21 and Tcrb-j. Increased transcription of I112rb1, Itgal,
Cd274, Clec9a, Clec7, 1118bp and Tnf suggested a myeloid signature and the upregulated genes
Nkg7, Nrcl, Klrgl and Klrk1 are characteristic of the NK cell lineage (Fig 4A). In addition,
MHC-I and MHC-II (Tap1, H2-q2, H2-m3, Uba7, Ube2l6, H2-dmb1, Cd74), Toll-like receptor
(TLR) pathways and chemokines/chemokine receptors were also differentially regulated (Fig
4B) including Ccl5, Ccl8, Ccl4, Cxcl9, Ccr5, Cer7, Cxcr3 and Cxcr6. The most highly upregulated
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genes comprised IFN-y-regulated genes such as Stat1, Irf9, Igtp, Irgm1 and Gbp6 (Fig 4B).
Since differential metabolism of adipose tissue between males and females has been reported
[29], female and male mice were analysed separately. Even though responses were comparable
between genders, males and females expressed comparable transcription profiles in qualitative
terms, with females showing slightly stronger responses (Fig 4A and 4B). Taken together the
gene expression profile of perigonadal fat in response to Mtb aerosol infection revealed
marked prevalence of T cell activation-associated genes (Fig 4A).

To validate these results, qPCR analyses of selected genes were performed in samples from
female mice. No significant changes were observed in perigonadal fat and in the lung at day 14
post-infection with the exception of IFN-v in the latter organ (S3A Fig). In contrast, at day 28,
genes associated with T cells, including Cd8a, Ccr7 and Tbx21 were highly upregulated in peri-
gonadal fat of Mtb-infected mice together with cytokines and chemokines, including genes
encoding IFN-y, CCL5 and CXCL9 and the chemokine receptor CXCR3 (Fig 5A). Gene
expression pattern in perigonadal fat at day 28 post-infection was distinct from subcutaneous
fat where only Cd3d was upregulated (Fig 5A). This profile also diverged from that observed in
lungs of infected mice, where Cd4, rather than Cd8a, was highly expressed while Ccr7
remained unaltered (Fig 5A). We extended our analysis to later time points post-infection
with Mtb. Expression of Cd3d, Cd8a, Ifn, Ccl5 and Tbx21 remained highly upregulated 56 days
post-infection whereas Ccr7 did not (S3B Fig). A similar pattern was observed in the lung
where in contrast to perigonadal fat Cd4 was also upregulated (S3B Fig).

Finally, we characterized the gene expression of adipocytes and SVF separately. As
expected, the SVF was enriched in leukocyte-associated genes (Fig 5B) while only Ccl5 was
enriched in the adipocyte fraction of Mtb-infected mice (Fig 5B). Thus, changes in gene
expression in perigonadal fat induced by Mtb were primarily a consequence of leukocyte infil-
tration and this infiltration was tissue-specific since subcutaneous fat or lung showed a differ-
ent gene expression pattern. Even though Mtb was not detected in adipose tissue of all infected
mice (Fig 2), gene expression patterns in perigonadal fat after infection was similar in all ani-
mals (Fig 5).

Mtb-specific CD8" T cells and IFN-y-producing NK cells are present in
perigonadal fat post-infection

For an in-depth characterization of leukocytes infiltrating perigonadal fat, we performed
FACS analysis of the SVF at different time points after Mtb aerogenic infection. At day 14
post-infection, numbers of CD4" and CD8" T cells in perigonadal fat remained unaltered in
contrast to lung tissue where higher numbers of both populations were identified (S4 Fig).
Rare CD8" CD44" TB10.4" T cells specific for a representative Mtb antigen were not detected
in any of the tissues (5S4 Fig) consistent with the notion that antigen-specific T cells at this time
point do not accumulate in the lung in sufficient numbers to limit Mtb replication [30]. Simi-
larly, at day 14 post-infection, numbers of CD4", CD8" or TCRB™ NK1.1" (NK) cells produc-
ing IFN-y in the perigonadal fat or lung remained unaltered (S5 and S6 Figs). Numbers of IL-
4-producing cells did not change in perigonadal fat during infection whereas in the lung the
number of IL-4-producing NK cells was reduced (S5 and S6 Figs).

In agreement with the gene expression analysis, at day 28 post-infection, the number of
total CD8" T cells as well as Mtb-specific CD8" T cells (CD8* CD44" TB10.4") in perigonadal
fat increased while the number of CD4" T cells remained unaltered in contrast to the lung (Fig
6). Mtb-specific CD8" T cells represented an average of 25.5% of the total CD8" T cell popula-
tion (25.5 £ 6.9%, n = 12) indicating that perigonadal fat became highly enriched in Mtb-spe-
cific CD8" T cells. During infection, CD8" T cells in perigonadal fat expressed an effector
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Fig 5. Genes associated with T cells, cytokines and chemokines are differentially upregulated in perigonadal and
subcoutaneous fat post aerosol-infection with Mtb. (A) Expression of Cd8a, Cd3d, Cd4, Ifng, Il4, Ccl5, Ccr7, Cxcl9, Cxcr3
(left panel) and Tbx21, Rorc and Gata3 (right panel) in perigonadal fat, lung and subcutaneous (SC) fat, as measured with
quantitative PCR at day 28 post infection. (B) Expression of genes as in (A) in AD or SVF fractions of perigonadal fat at day 28
post infection. Gene expression is relative to the lower values detected and each group is compared to their own uninfected
controls. Data are representative of two to three independent experiments (means); *p<0.05 and **p<0.01 (Student’s t-test).
Abbreviations: AD, adipose fraction; SC, subcutaneous; SVF, stromal vascular fraction.

https://doi.org/10.1371/journal.ppat.1006676.9g005

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006676  October 17, 2017 9/24


https://doi.org/10.1371/journal.ppat.1006676.g005
https://doi.org/10.1371/journal.ppat.1006676

o ®
@ ) P Los | PATHOGENS Mycobacterium tuberculosis infection in adipose tissue

Perigonadal fat-day 28

Total numbers of

Uninfected Uninfected
105 105] 2500 CD4 and CD8T cells
] - § 2000 .
gated ] § 1500 —— *
cD8* 0. - = 10001 o .
. A
A ol — N . .
-10° 0 10 Uninfected Mtb Uninfected Mtb
" cDa < CDa4 cp4* cos*
Qa o
© o
Mtb = Mtb Total number of
10 1051 CD8* CD44* TB10.4* T cells
] 400
E . %k
gated 2 3007 "
CcD8* 1 € .
] 3 200
oi % —a
_103: O 100+ :
1000 T 0 o .
CD44 Uninfected Mtb
Lung-day 28
105 Uninfected Uninfected Total numbers of
4 1054 CD4* and CD8* T cells
: 2000000 .
] g 1500000 -
] gca;gfl ] 3 1000000 e -
3 = [ ] .
01 04 S 500000 P
103 ; -10% 990099 . 000 ‘
10° 0 . < 00 10 Uninfected Mtb Uninfected Mtb
+ +
8 CD4 3 CD44 CD4 CD8
o [-]
[
Mtb Mtb Total number of
D8* CD44* TB10.4*
10°] 1051 150000- CD8* CD44* TB10.4* T cells
E i 3k sk k
] gated ] 2 100000- -
CD8* g .
4 - c ]
0 i 01 8 50000 :
-103} -103 ] 0 .
10° 0 105° 10° o 10° Uninfected Mtb
cD4 CcD44
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test). Abbreviations: SVF, stromal vascular fraction.

https://doi.org/10.1371/journal.ppat.1006676.9006
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phenotype (CD8* CD44™ CD69") that was also seen in the lung where, in addition, CD4" T
cells with similar characteristics were identified (S7 Fig). It is known that the oE integrin
CD103 is expressed in pathogen-specific CD8" T cells in peripheral tissues [31]; here a cell
population of CD8" CD44~ CD103™ phenotype was identified in perigonadal fat but not in
lung of infected mice (S8 Fig). FACS analysis identified NK cells as major source of IFN-y (Fig
7). In contrast, in the lungs, CD4" and CD8" T cells were major IFN-y producers in addition
to NK cells (S9 Fig), and these populations also produced IL-4. In summary, at day 28 post-
infection, perigonadal fat from Mtb-infected mice harbored higher numbers of total CD8" T
cells displaying an activated phenotype as well as Mtb-specific CD8" T cells and IFN-y-pro-
ducing NK cells.

Mtb infection modulates gene expression of Mtb-specific CD8* T cells
and NK cells in perigonadal fat

At day 28 post-aerosol infection, Mtb-specific CD8" T cells and NK cells from perigonadal fat
were sorted and selected genes were evaluated simultaneously (S10A and S10B Fig). Sorted
total CD8" T cells and NK cells were sorted from uninfected mice served as controls. The
TB10.4 tetramer was selected as a representative antigen for sorting infiltrating Mtb-specific
CD8™" T cells from infected mice [32]. We are aware that other Mtb specificities were still to be
expected in the CD8" TB10.4™ population. Therefore, we opted to compare CD8* TB10.4" cells
from infected mice to total CD8" cells from uninfected ones. TB10.4-specific CD8" T cells
from Mtb-infected mice expressed higher levels of Ifng than total CD8" T cells from uninfected
mice while the levels of Tnf, (Fig 8A) and Tgfb1 (S10C Fig) were unaltered. In contrast, expres-
sion of the cytokines 1110 and I117a in TB10.4-specific CD8" T cells, total CD8" T cells of unin-
fected mice and NK cells from perigonadal fat were low (S10A Fig). Among transcription
factors evaluated, TB10.4-specific CD8" T cells from perigonadal fat expressed lower abun-
dance of Rorc and Eomes than CD8" T cells from uninfected mice (Fig 8A) whereas in the
lungs these cells showed lower Gata3 levels instead (Fig 8B). No significant differences were
observed for Tbx21 (T-bet) in TB10.4-specific CD8" T cells and NK cells from infected mice in
perigonadal fat or lung possibly due to high variations between samples (Fig 8A and 8B).
Microarray analyses revealed that several chemokine and chemokine receptor genes were dif-
ferentially regulated in perigonadal fat upon infection (Fig 4B). Expression levels of the Ccl5
transcript in total CD8" and TB10.4-specific CD8" T cells of perigonadal fat were comparable
(Fig 8A). In contrast, in the lung TB10.4-specific CD8" T cells expressed a higher abundance
of Ccl5 than total CD8" T cells from uninfected animals (Fig 8B). Ccr5 and Cxcr3 expression
was also lower in TB10.4-specific CD8" T cells from perigonadal fat and Ccr7 remained unaf-
fected after infection (Fig 8A). In the lung, the levels of Cxcr6 were marginally higher in
TB10.4-specific CD8" T cells (S10D Fig). Surface expression of CD62L is down-regulated on T
cells after antigen-specific activation [33]. Accordingly, Mtb-specific CD8" T cells from perigo-
nadal fat and lung exhibited lower levels of the CD62L transcript (Sell) than total CD8" T cells
from uninfected mice. Consistent with an effector rather than a memory phenotype,
TB10.4-specific CD8" T cells in perigonadal fat and lung showed lower levels of transcription
of Sell (CD62L) than cells from uninfected mice (Fig 8A and 8B). On the other hand, Cd69,
Fasl (Fig 8A and 8B), Cd44, and Icos (S10C and S10D Fig) were not affected while the MHC-I
family member H2-q9 expressed lower levels of transcription in cells from perigonadal fat
(S10C Fig). Transcripts of the IFN-y-induced molecules Irgm1, Irf9 and Tap1, as well as Zap70,
Ube4b and Nkg7 were not affected by Mtb infection in TB10.4-specific CD8" T cells (S10C

Fig).
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Fig 7. IFN-y-producing NK cells are present in perigonadal fat post aerosol- infection. Numbers of CD4*, CD8" and NK IFN-y or IL-4-producing
cells at day 28 post infection in SVF of perigonadal fat. Data are representative of two independent experiments (means); *p<0.05 (Student’s t-test).
Abbreviations: SVF, stromal vascular fraction.

https://doi.org/10.1371/journal.ppat.1006676.9007

Killer cell lectin-like receptor subfamily G member 1 (KLRG-1) is an inhibitory C-type lec-
tin expressed on NK cells and activated CD8" T cells and a marker for terminally differentiated
effector lymphocytes [34]. Both TB10.4-specific CD8" T cells and NK cells in perigonadal fat
showed higher abundance of KlrglI after Mtb infection (Fig 8A). In addition, NK cells from
perigonadal fat upon Mtb infection exhibited higher levels of the integrin Itgam (CD11b) (Fig
8A). The appearance of CD11b in murine NK cells corresponds to progressive acquisition of
effector functions [35]. Thus, at day 28 post-aerosol infection perigonadal fat tissue was
enriched in TB10.4-specific CD8" effector T cells and activated NK cells.

Discussion

Our study reveals that Mtb enters and persists in adipose tissue where it transitions into a
stress mode, and induces influx of NK cells and Mtb-specific effector CD8" T cells to the site
of its residence. We take our findings as evidence that adipose tissue serves as a potential sanc-
tuary for persistent Mtb.

Several pathogens exploit adipose tissue for persistence. For example, P. berghei accumu-
lates in mouse adipose tissue in form of schizont-infected erythrocytes [36] and in malaria
patients the presence of P. falciparum in adipose tissue is apparently related to parasite survival
[37]. T. cruzi, the causative agent of Chagas disease was also detected in biopsies of some
infected individuals [7]. Similarly, in our experiments Mtb was identified in adipose tissue of
approximately half of aerosol-infected mice and the pathogen was localized in both adipocytes
and SVF. It is tempting to speculate that Mtb finds suitable conditions for persistence in adipo-
cytes due to the higher abundance of triacylglycerol in adipocyte lipid droplets, which is critical
for onset of dormancy in Mtb [38]. Human and murine adipocytes differed in the stressed-
related genes upregulated by Mtb upon infection probably reflecting differences in host-patho-
gen interactions due to differences between species [39]. Not mutually exclusive, macrophages
present in SVF are also a potential host for Mtb. Our experiments show that adipose-tissue res-
ident Mtb is able to colonize lung, spleen and perigonadal fat when transferred to naive ani-
mals pointing out that Mtb is viable despite its stress-related status. Further studies precisely
characterizing the gene expression profile of Mtb in adipose tissue are needed for deeper
understanding of metabolic changes occurring in the mycobacteria.

Our experiments reveal marked impact of Mtb on immune surveillance including leukocyte
infiltration in adipose tissue. Nippostrongylus brasiliensis infection affects adipose tissue metab-
olism by increasing the number of eosinophils in perigonadal fat [40]. Simian immunodefi-
ciency virus (SIV) in adipose tissue of macaques causes influx of leukocytes and activated
CD4" T cells have been identified in adipose tissue from HIV™ individuals [13]. In our study
F4/80" macrophages and T cells infiltrated adipose tissue by day 28 of aerogenic Mtb infection
while no infiltration was detected at day 14 reflecting the onset of the adaptive immune
response by day 21 [41, 42]. At day 28 almost 25% of the CD8" T cells infiltrating perigonadal
fat were Mtb-specific indicating that these cells are specifically attracted to the tissue after
infection. Leukocyte infiltration into adipose tissue has been mostly studied in relation to obe-
sity rather than infection [43, 44]. Here we characterized the infiltration of adipose tissue of
lean mice after infection. Whether the same pattern is observed in obese mice remains to be
clarified. Such studies will help provide deeper insights into the relationship between obesity,
type 2 diabetes and TB.
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Fig 8. Mtb aerosol infection modulates gene expression of Mtb-specific CD8* T cells and NK cells in perigonadal
fat. Relative gene expression in CD8" T cells from uninfected mice, Mtb-specific CD8" T cells (CD8* CD44* TB10.4*) and
NK cells sorted from (A) perigonadal fat or (B) lung at day 28 post-infection. Results of two independent experiments
pooled (means); *p<0.05, **p<0.01 and ***p<0.001 (Student’s t-test). Abbreviations: (-), uninfected.

https://doi.org/10.1371/journal.ppat.1006676.9008

Global gene expression and fluorescence-activated cell sorting analyses provided compel-
ling evidence for NK and Mtb-specific CD8" T cells infiltration as well as IFN-y induction at
day 28 post-infection. T cells enter adipose tissue after high fat diet [20] coincident with onset
of insulin resistance [44]. In a mouse model of experimental TB, no changes in serum insulin
levels were observed upon infection (uninfected: 1.70 + 0.46 ng/ml; Mtb: 4.14 + 2.94 ng/ml;
data representative of 3 independent experiments; 4 to 5 animals per group) indicating that
CD8" T cells do not induce insulin resistance. We assume that Mtb-specific CD8" T cells likely
control intracellular Mtb in adipose tissue by virtue of lysis of Mtb-infected cells and IFN-y
secretion [45]. Enrichment of CXCR6 Mtb-specific CD8" T cells in lung, which correlates with
protective immunity [46] is consistent with this assumption. A similar role for IFN-y-produc-
ing NK cells can be inferred since these cells numerically increase in the lung after infection
[47] and are also able to lyse infected cells [48, 49]. Finally, IFN-y has been associated with phe-
notypic polarization towards pro-inflammatory M1 cells in adipose tissue in obesity [19] and
IFN-y-producing NK cells have been linked to insulin resistance [50]. Local production of
IFN-y activates macrophages and T cells which, in turn, upregulate IFN-y-regulated molecules.
These include STAT1 and Irgm1 together with interferon-induced Gbp1 and Gbp5 and dis-
tinct chemokines including CXCL9, which amplify the inflammatory response through a feed-
forward loop, resulting in chronic immune activation in TB. Gbp1, StatI and Tap1, which are
part of a biosignature for subclinical TB in humans [51] were enriched in perigonadal fat dur-
ing Mtb infection. CD8" adipose tissue infiltrating cells expressed CD69 and downregulated
CD62L transcripts suggesting that these activated cells contribute to control of Mtb in fat tis-
sue. Interestingly, after Mtb infection we identified a unique population of CD8" T cells pres-
ent in perigonadal fat that was absent in the lung: CD8" CD44~ CD103". This population plays
a balancing role in an inflammatory model of chronic murine ileitis [52] and the oE integrin
CD103 is expressed by pathogen-specific CD8" T cells in peripheral tissues [31]. We therefore
feel confident that CD8" T cells in adipose tissue contribute to regional control of Mtb and
regulation of inflammation.

In sum, this is the first report to describe persistence of Mtb expressing stress-related genes
in adipocytes and the recruitment of activated immune cells to adipose tissue. We also demon-
strate that Mtb present in adipose tissue can be transferred to naive animals. Together, our
findings point to adipose tissue as a potential reservoir for persistent Mtb. Better understand-
ing of the role of adipose tissue in Mtb infection will provide the basis for rational intervention
measures directed at comorbidity of TB and type 2 diabetes for which strong epidemiological
evidence exists [14-18].

Methods
Ethic statements

Human adipocytes were obtained from plastic surgery waste tissue from patients of the
Department of General, Visceral, Vascular and Thoracic Surgery (Sub-area: Plastic and Recon-
structive Surgery), Charité University Medical Center in Berlin according to the regulations of
and approval by the Ethics Committee of Charité, University Medical Center, Berlin, Germany
(reference number EA1/249/11). All human samples were anonymized. Animal procedures
were performed in accordance with the German “Tierschutzgesetz in der Fassung vom 18.
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Mai 2006 (BGBI.IS.1207)” and the guideline 2010/63/EU from the European Union and the
European Convention for the protection of vertebrate animals used for experimental and
other scientific purposes. Animal protocols were approved by the ethics committee and the
Berlin state authorities (LAGeSo, reference number G179/12).

Cell cultures and Mtb infection

The preadipocyte human cell strain Simpson-Golabi-Behmel syndrome (SGBS), kindly pro-
vided by Prof. M. Wabitsch (Department of Pediatrics and Adolescent Medicine, University of
Ulm, Germany), was cultured and differentiated as described [53]. Human adipose tissue (see
Ethic statements) was separated from skin, minced and digested with type I collagenase
(Worthington Chemicals) at 200 U/ml and 3 ml/g in HBSS for 1 h at 37°C under shaking.
Samples were centrifuged at 400 g for 10 min, erythrocytes in the pellet were lysed and cells
were filtered through 70 pm and 40 pm cell strainers. After a density gradient (Biochrome)
separation, the interface was collected and cell depletion performed with anti-CD45 (5B1; Mil-
tenyi), anti-CD31 antibodies (WMS59; Serotec) and anti-fluorescein isothiocyanate (FITC)
beads (Miltenyi). Cells were cultured in Dulbecco’s modified Eagle medium (DMEM):F12
(Gibco) 50% heat-inactivated fetal calf serum (FCS; Gibco) and then in 20% serum for differ-
entiation as described [53]. Murine 3T3-L1 cell line was grown in DMEM 10% FCS (Gibco), 4
mM L-glutamine (Biochrome), 1 mM sodium pyruvate (Biochrome), and 1.5 g/L sodium
bicarbonate (Gibco) until confluency. Differentiation was initiated by addition of 1 pg/ml
bovine insulin, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), and 1 pM dexamethasone (all
from Sigma). At day 4, medium was replaced with medium containing 1 ug/ml of bovine insu-
lin only and differentiation was complete at day 8. Cells were infected with Mtb H37Rv at a
multiplicity of infection (MOI) of 5. Bacteria were grown in Middlebrook 7H9 broth (BD Bio-
sciences) supplemented with 0.05% glycerol, Tween 80 and 10% albumin dextrose catalase
(ADC) growth supplement (BD Biosciences). Single bacteria resuspended in culture medium
were obtained from early log-phase cultures. After 2 h of infection, 200 ug/ml of amikacin
(Sigma) was added. After 4 h, cells were washed. At different time points, cells were lysed with
0.1% Triton X-100 (ICN Biomedicals) and plated on Middlebrook 7H10 agar plates. Mtb colo-
nies were enumerated after 3 to 6 weeks of incubation at 37°C.

Immunofluorescence staining

Human or murine adipocytes were infected with Mtb-GFP at MOI 20 for 24 h. Mtb was
detected with an anti-Mtb antibody (Abcam) and secondary antibody conjugated with Alexa
546 (Invitrogen). Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI). Small
pieces of paraformaldehyde (PFA)-fixed Mtb-infected adipose tissue were embedded in low
melting point agarose (3.3% in PBS). The agarose was gelled on ice and the block containing
the adipose tissue was sectioned at 300 um thickness using a Leica VT 1000 S vibratome. Sec-
tions were stained with the DNA-intercalating dye Draq5, mounted and analyzed using a
Leica TCS5 confocal microscope.

Mice and Mtb infection

Female and male 8- to 10-week-old C57BL/6 mice were kept under specific pathogen-free con-
ditions at the Max Planck Institute for Infection Biology in Berlin, Germany (see Ethic state-
ments). Mtb strain H37Rv was grown in Middlebrook 7H9 broth (BD Biosciences)
supplemented with 0.2% glycerol, 0.05% Tween 80, and 10% ADC enrichment (BD Biosci-
ences) until logarithmic growth phase before storage at -80°C. Animals were aerosol-infected
with 50-200 colony-forming units (CFUs) Mtb, using a Glas-Col inhalation exposure system.
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At given time points, serial dilutions of lung, spleen or undiluted perigonadal fat homogenates
were plated onto Middlebrook 7H11 plates. CFUs were counted after 3 (lungs and spleen) or 6
(perigonadal fat) weeks of incubation at 37°C.

Detection of mycobacterial DNA

PCR was performed by incubation of the DNA samples with the IS6110 Mtb insertion sequence
primers 5-CGTGAGGGCATCGAGGTGGC-3’ and 5-GCGTAGGCGTCG GTGACAAA-3’
and the Hot Star Mix (Qiagen).

Microarray analysis

Gene expression microarray studies were carried out with the SurePrint G3 Mouse GE 8x60K
Microarray Kit (Agilent Technologies, product number G4852A). Microarray data were
deposited in the NCBI’s Gene Expression Omnibus (GEO accession number GSE83554).
Microarrays were background corrected, normalized and statistically analysed with limma
[54] with moderated t-test for significance of the factors (sex and experimental group) and the
interaction between sex and treatments for both day 14 and day 28 samples. P-values were cor-
rected for multiple comparisons with the Benjamini-Hochberg method. Genes were tested for
enrichment in functional associations using the R package tmod [55] with the CERNO test
with Benjamini-Hochberg correction. Detailed R scripts used in the analysis are available
upon request.

Perigonadal fat, lung cell isolation, flow cytometry, and cell sorting

Perigonadal adipose tissue was placed in DMEM (Gibco) with 20 mM HEPES (Gibco) and

10 mg/ml free fatty acid-bovine serum albumin (FFA-BSA; Sigma) and minced to fine pieces.
Samples were extensively washed to eliminate all traces of blood and incubated with 280 U/ml
collagenase type I (Worthington), and 50 U/ml DNAse (Roche) for 45 min under shaking

and passed through a 250 pm mesh (Pierce). Cells were centrifuged at 1,000 g for 10 min, and
resuspended in PBS, 5% EDTA, 0.2% FFA-BSA. Single-cell suspensions from lungs of mice
were prepared as previously described [56]. Immune cells were stained with antibodies against
T cell receptor-beta chain (TCR) (H57-597; BD Biosciences), CD4 (RM4-5; BD Biosciences),
CD8 (56-6.7; BD Biosciences), CD44 (IM7), CD69 (H1.2F3; BD Biosciences), CD103 (2E7;
eBioscience), NK1.1 (PK136; eBioscience), CD62L (MEL-14; eBioscience), IFNy (XMG1.2;
BD), and IL-4 (11B11; eBioscience). H-2Kb:TB10.4 (4-11: IMYNYPAM) tetramers were pre-
pared in-house. To stain for intracellular cytokines, cells were incubated with brefeldin A 10 ug/
ml, ionomycin 1 pg/ml and phorbol 12,13-dibutyrate 50 ng/ml (all from Sigma) for 4 h at 37°C,
5% CO, and permeabilized with Cytofix/Cytoperm kit (BD Biosciences) according to manufac-
turer’s instructions. Cells were acquired on a Canto II flow cytometer (BD Biosciences) and ana-
lyzed with FACSDiva (BD Biosciences) software. For sorting experiments cells from three
animals were pooled and stained with H-2Kb:TB10.4 (4-11: IMYNYPAM) tetramers, antibod-
ies against TCRP (H57-597; BD Biosciences), CD4 (RM4-5; BD Biosciences), CD8 (56-6.7; BD
Biosciences), CD44 (IM7) and NK1.1 (PK136; eBioscience) and sorted on a FACSAria IT (BD
Biosciences).

Immunopathology

Paraffin sections were dewaxed and stained histochemically with hematoxylin and eosin (HE)
for overview. For immunohistochemistry, sections were subjected to a heat-induced epitope
retrieval step except for the detection of B cells prior to incubation with antibodies against
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CD3 (code A0452; Dako), B220 (RA3-6B2; BD Bioscience), myeloperoxidase (MPO; code
9661; Cell Signaling), CD4 (4SM95; eBioscience), or CD8 (4SM15; eBioscience). This step was
followed by incubation with biotinylated secondary antibodies (Dianova). For detection, alka-
line phosphatase (AP)-labelled streptavidin and chromogen RED (both Dako) were employed.
For detection of macrophages, sections were subjected to protein-induced epitope retrieval
employing protease (Sigma) prior to incubation with anti-F4/80 (BMS8; eBioscience) followed
by incubation with biotinylated rabbit anti-rat (Dako) secondary antibody. Biotin was detected
using AP-labelled streptavidin (Dako) and AP was visualized with chromogen RED (Dako).
For detection of classically activated (M1) macrophages the sections were subjected to a heat-
induced epitope retrieval step prior to incubation with anti-inducible nitric oxide synthase
(iNOS) (code ab15323; Abcam,). The EnVision+ System, HRP Labelled Polymer Anti-Rabbit
(Dako) was used for detection. Nuclei were counterstained with hematoxylin (Merck). For the
detection of alternatively-activated (M2) macrophages, dewaxed sections were incubated with
anti-arginase 1 (N20; Santa Cruz) followed by incubation with biotinylated donkey anti-goat
(Dianova). For detection AP-labelled streptavidin and chromogen RED (both Dako) were
employed. After color development, sections were subjected to protein-induced epitope
retrieval as described above prior to incubation with anti-F4/80 (BMS8; eBioscience). Alex-
a488-labelled secondary antibody (Invitrogen) was used for detection. Nuclei were counter-
stained with DAPI (Sigma). Negative controls were performed by omitting the primary
antibody. Images were acquired using the Axiolmager Z1 microscope (Carl Zeiss Microlma-
ging). All evaluations were performed in a blinded manner.

Quantitative real time-PCR

Perigonadal fat samples was collected in TRIzol total RNA isolation reagent (Invitrogen) and
RNA was isolated as previously described [57]. For mRNA quantification, RNA was reverse-
transcribed to cDNA, and qRT-PCR was performed according to manufacturer’s instructions
(BioRad) TagMan qRT-PCR assays with specific probes for mouse Actinb (NM_007393.4),
Cd8a (NM_001081110.2), Cd3d (NM_013487.3), Cd4 (NM_013488.2), Ifng (NM_008337.3), Il4
(NM_021283.2), Ccl5 (NM_013653.3), Cer7 (NM_007719.2), Cxcl9 (NM_008599.4), Cxcr3
(NM_009910.3), Tbx21 (NM_019507.2), Rorc (NM_011281.2), Gata3 (NM_008091.3) (Applied
Biosystems) were used. TagMan probes for the mycobacterial genes sigA (Rv2703), dosR (Rv31
33c), lat (Rv3290c), and hspX (Rv2031) were designed by the manufacturer (Applied Biosys-
tems). Samples from perigonadal fat were pre-amplified with TagMan PreAmp Master Mix
according to manufacturer’s protocol (Applied Biosystems). All probes were normalized to -
actin as internal control (Applied Biosystems), except for the quantification of mycobacterial
genes where sigA was the internal control. All fold changes were calculated using the AACt
method [58] and normalized to the lowest value in each group. Amplifications were performed
with Step One Plus (Applied Biosystems).

Gene expression of sorted CD8" T cells from uninfected mice, Mtb-specific CD8" T cells
from infected mice and NK cells from uninfected and infected mice were analyzed simulta-
neously using the 48.48 Dynamic Array Integrated Fluidic Circuits (IFCs; Fluidigm). Tripli-
cates of 100 sorted cells were collected in a 96-well PCR plate (Eppendorf) containing Cell
Direct Reaction mix (Life Technologies) with Ambion SUPERase-In (Ambion) and stored
at -80°C. Pre-amplification of genes by reverse transcription and cDNA synthesis (18
cycles) was performed using Cells Direct One-Step qPCR Kit (Life Technologies) and Tagq-
Man gene expression assay mix (Applied Biosystems). The cDNA and the single TagMan
assays were then loaded in a microfluidic chip (Fluidigm) using Fluidigm 48.48 IFC Con-
troller MX according to manufacturer’s protocol and quantitative PCR was run using the
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Data Collection Software (36 cycles; Fluidigm). Data were exported with the Real-time PCR
Analysis Software (Fluidigm) and analyzed with Microsoft Office Excel. mRNA amounts
were normalized to B-actin (NM_007393.4) expression. To compare data from different
animals, tissues and chips fold change (2~(CVreference=Ctlvaluelly i, transcripts was calculated
relative to splenic CD8" T cells, which were sorted in each plate as internal reference [59].
The following transcripts were evaluated: Cd8a (NM_001081110.2), Cd3d (NM_013487.3),
Cd4 (NM_013488.2), Ifng (NM_008337.3), Il4 (NM_021283.2), Ccl5 (NM_013653.3), Ccr7
(NM_007719.2), Cxcl9 (NM_008599.4), Cxcr3 (NM_009910.3), Tbx21 (NM_019507.2),
Rorc (NM_011281.2), Gata3 (NM_008091.3), Eomes (NM_001164789.1), Serpinel (NM_00
8871.2), Ube4b (NM_022022.3), Fasl (NM_001205243.1), Cxcr6 (NM_030712.4), Tnf
(NM_001278601.1), 1110 (NM_010548.2), 112 (NM_008366.3), Tlr2 (NM_011905.3), IrgmI
(NM_008326.1), Irf9 (NM_008394.3), Itgax (NM_021334.2), Tgfbl1 (NM_011577.1), ll17a
(NM_010552.3), Itgae (NM_008399.2), Pdcdl (NM_008798.2), Tapl (NM_001161730.1),
Nkg7 (NM_024253.4), Foxp3 (NM_001199347.1), I115 (NM_008357.2), Itgam (NM_0084
01.2), Cd27 (NM_001033126.2), Sell (NM_001164059.1), Cd44 (NM_009851.2), Ccl2
(NM_011333.3), Ccr5 (NM_009917.5), Zap70 (NM_009539.2), Fcgrl (NM_010186.5),

Icos (NM_017480.2), Cd69 (NM_001033122.3), Klrgl (NM_016970.1), Ncr1 (NM_0107
46.3), Cd5 (NM_007650.3), H2-q7/h2-q9 (NM_001201460.1), and Nampt (NM_021524.2)
(Applied Biosystems).

Statistical analysis

Differences were analyzed using Student’s t-test (parametric groups) or Mann-Whitney U test
(nonparametric groups). P values <0.05 were considered statistically significant.

Supporting information

S1 Fig. Mtb resides in perigonadal and subcutaneous fat post aerosol-infection of mice and
in spleen and lung of donor mice and in spleen, lung and perigonadal fat of control mice
in fat transfer experiments. (A) log;, Mtb CFUs in in spleen, lung and AD and SVF fractions
of perigonadal fat at different time points after aerosol infection. Data representative of four
independent experiments (medians). (B) log;o Mtb CFUs in perigonadal and subcoutaneous
fat at day 28 post aerosol-infection (200 CFUs). Data are representative of two independent
experiments (medians). (C) log;o Mtb CFUs in spleen and lung from donor mice used for
transfer experiments. Mice were infected i.v. with 5x10° CFUs of Mtb, organs were collected
14 days after infection and perigonadal fat was transferred to uninfected recipient mice. Data
representative of two independent experiments (medians). (D) log;o Mtb CFUs in spleen,
lung, and perigonadal (P) fat from control mice infected i.v with 5x10° CFUs of Mtb at the
same time as the mice used for transfer experiments. Organs were collected 14 days after infec-
tion. Data representative of two independent experiments (medians). Abbreviations: AD, adi-
pose fraction; P, perigonadal; SC, subcutaneous; SVF, stromal vascular fraction.

(TIF)

S2 Fig. Mtb infection does not alter adipocyte size in perigonadal fat. (A) Adipocyte size at
day 28 post aerosol-infection. (B) Free fatty acids in sera at day 14 and 28 post infection. Data
representative of two independent experiments. Abbreviations: FFA, free fatty acids.

(TIF)

S$3 Fig. Differential gene expression in perigonadal fat and lung post aerosol- infection
with Mtb. (A-B) Expression of Cd8a, Cd3d, Cd4, Ifng, 114, Ccl5, Ccr7, Cxcl9, Cxcr3 (left panel)
and Tbx21, Rorc and Gata3 (right panel) in perigonadal fat and lung, as measured with
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quantitative PCR at: (A) day 14 or (B) day 56 post infection. Data are representative of two to
three independent experiments (means); *p<0.05, “*p<0.01 and ***p<0.001 (Student’s t-test).
(TIF)

$4 Fig. Numbers of CD4", CD8", CD8* CD44" TB10.4" (Mtb-specific) populations in SVF
of perigonadal fat and lung post aerosol-infection with Mtb. Numbers of CD4", CD8" and
CD8" CD44" TB10.4" (Mtb-specific) populations in SVF of perigonadal fat (upper panel) and
lung (lower panel) at day 14 and post infection. Data are representative of two independent
experiments (means); *p<0.05 and ***p<0.001 (Student’s t-test). Abbreviations: SVF, stromal
vascular fraction.

(TIF)

S5 Fig. Numbers of CD4", CD8", and NK IFN-y or IL-4-producing cells in SVF of perigo-
nadal fat at day 14 post aerosol-infection with Mtb. Numbers of CD4*, CD8" and NK IFN-y
or IL-4-producing cells at day 14 post infection. Data are representative of two independent
experiments (means). Abbreviations: SVF, stromal vascular fraction.

(TIF)

$6 Fig. Numbers of CD4", CD8", and NK IFN-y or IL-4-producing cells in lung at day 14
post aerosol-infection with Mtb. Numbers of CD4", CD8" and NK IFN-y or IL-4-producing
cells at day 14 post infection. Data are representative of two independent experiments
(means); *p<0.05 (Student s t-test).

(TIF)

S7 Fig. Effector CD8" T cells are present in perigonadal fat post aerosol- infection. Num-
bers of CD4" CD44~ CD69" and CD8" CD44™ CD69" cells in SVF of perigonadal fat (upper
panel) or lung (lower panel) at day 28 post infection. Data are representative of two indepen-
dent experiments (means); *p<0.05, and ****p<0.0001 (Student s t-test). Abbreviations: SVF,
stromal vascular fraction.

(TIF)

S8 Fig. CD8" CD44~ CD103" T cells are present in perigonadal fat post aerosol- infection.
Numbers of CD4" CD44™ CD103" and CD8" CD44™ CD103" cells in SVF of perigonadal fat
(upper panel) or lung (lower panel) at day 28 post infection. Data are representative of two
independent experiments (means); *p<0.05, and ****p<0.0001 (Student s t-test). Abbrevia-
tions: SVF, stromal vascular fraction.

(TIF)

S9 Fig. Numbers of CD4", CD8", and NK IFN-y or IL-4-producing cells in lung at day 28
post aerosol-infection with Mtb. Numbers of CD4", CD8" and NK IFN-y or IL-4-producing
cells in lung at day 28 post infection. Data are representative of two independent experiments
(means); *p<0.05, ***p<0.001 and ****p<0.0001 (Student s t-test).

(TIF)

$10 Fig. Mtb infection modulates gene expression of Mtb-specific CD8" T cells and NK
cells in perigonadal fat. (A) Heat maps of gene expression of CD4", CD8", Mtb-specific
CD8" T cells (CD8" CD44" TB10.4") and NK cells sorted from perigonadal fat (right panel) or
lung (left panel) at day 28 post infection. Colour corresponds to ACt values. Mtb infection
modulates gene expression in NK cells and Mtb-specific CD8" T cells in perigonadal fat.
(B-D) Relative gene expression of CD8", CD8" TB10.4 (Mtb-specific) and NK cells sorted
from perigonadal fat (B-C) or lung (D) at day 28 post infection. Results of two independent
experiments pooled (means); *p<0.05, “*p<0.01 and ***p<0.001 (Student’s t-test).
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Abbreviations: (-), uninfected.
(TIF)
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