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BACKGROUND AND AIMS: Insulin resistance is a key factor
in the pathogenesis of nonalcoholic fatty liver disease
(NAFLD). We evaluated the importance of subcutaneous
abdominal adipose tissue (SAAT) inflammation and both
plasma and SAAT-derived exosomes in regulating insulin
sensitivity in people with obesity and NAFLD. METHODS:
Adipose tissue inflammation (macrophage and T-cell content
and expression of proinflammatory cytokines), liver and
whole-body  insulin  sensitivity = (assessed using a
hyperinsulinemic-euglycemic clamp and glucose tracer infu-
sion), and 24-hour serial plasma cytokine concentrations were
evaluated in 3 groups stratified by adiposity and intrahepatic
triglyceride (IHTG) content: (1) lean with normal IHTG con-
tent (LEAN; N = 14); (2) obese with normal IHTG content
(OB-NL; N = 28); and (3) obese with NAFLD (OB-NAFLD; N =
28). The effect of plasma and SAAT-derived exosomes on
insulin-stimulated Akt phosphorylation in human skeletal
muscle myotubes and mouse primary hepatocytes was
assessed in a subset of participants. RESULTS: Proin-
flammatory macrophages, proinflammatory CD4 and CD8

T-cell populations, and gene expression of several cytokines in
SAAT were greater in the OB-NAFLD than the OB-NL and
LEAN groups. However, with the exception of PAI-1, which
was greater in the OB-NAFLD than the LEAN and OB-NL
groups, 24-hour plasma cytokine concentration areas-under-
the-curve were not different between groups. The percent-
age of proinflammatory macrophages and plasma PAI-1
concentration areas-under-the-curve were inversely corre-
lated with both hepatic and whole-body insulin sensitivity.
Compared with exosomes from OB-NL participants, plasma
and SAAT-derived exosomes from the OB-NAFLD group
decreased insulin signaling in myotubes and hepatocytes.
CONCLUSIONS: Systemic insulin resistance in people with
obesity and NAFLD is associated with increased plasma PAI-1
concentrations and both plasma and SAAT-derived exosomes.
ClinicalTrials.gov number: NCT02706262 (https://
clinicaltrials.gov/ct2/show/NCT02706262).

Keywords: Macrophages; T Cells; Cytokines; Insulin Resistance;
PAI-1.
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epatic steatosis is the hallmark feature of nonalco-

holic fatty liver disease (NAFLD) and occurs
commonly in people with obesity." Obesity-induced insu-
lin resistance is involved in the pathogenesis of NAFLD
and hepatic steatosis is unlikely to occur in people with
obesity who do not have significant insulin resistance.””
Even people with a genetic variant of the patatin-like
phospholipase domain-containing 3 gene, which mark-
edly increases the risk of NAFLD, are unlikely to develop
hepatic steatosis in the absence of obesity and concomi-
tant insulin resistance.” The therapeutic effect of
pharmacologic agents that increase insulin sensitivity
on intrahepatic triglyceride (IHTG) content and other
histologic features of NAFLD provides further support
for the role of insulin resistance in the pathogenesis
of NAFLD.>® These findings underscore the importance
of understanding the underlying mechanism(s) respon-
sible for insulin resistance in people with obesity and
NAFLD.

It has been proposed that an increase in adipose tis-
sue (AT) proinflammatory immune cells and inflammation,
which increases the secretion of inflammatory cytokines
from AT into the bloodstream, is an important cause of
obesity-induced insulin resistance in people.” In rodent
models, obesity and insulin resistance are associated with
increased adipose tissue macrophage (ATM) and T-cell
content and AT gene expression of proinflammatory cy-
tokines.” Experimentally decreasing or completely elimi-
nating tumor necrosis factor (TNF)-a signaling”'® or
shifting the T-cell pool toward higher proportions of anti-
inflammatory cells'"'* promotes glucose tolerance and
improves insulin sensitivity. However, the importance of
AT inflammation in causing insulin resistance in people
with obesity is not clear because of conflicting data
among studies, which have found increases in proin-
flammatory macrophages and CD4 T cells in subcutaneous
abdominal AT (SAAT) obtained from people with obesity
who were considered to be insulin-resistant compared
with those who were insulin-sensitive,'> ' whereas other
studies found no differences between insulin-sensitive and
insulin-resistant groups.'®'® The reason(s) for the
discrepant findings among studies could be related to
differences in the methods used to assess AT inflamma-
tion and immune cell content and differences in the
criteria used to define insulin-sensitive and insulin-
resistant cohorts.

Exosomes are membrane-bound extracellular vesicles
that are produced by most cells in the body and provide a
mechanism for interorgan communication by delivering
microRNAs (miRNAs), bioactive lipids, and regulatory
proteins from one cell to another.'® Data from studies
conducted in rodent models have shown exosomes
derived from AT explants®’ and ATMs”"** can regulate
systemic insulin action mediated by the transfer of spe-
cific miRNAs.”**? AT is the major source of miRNAs in
circulating exosomes; AT-specific knockout of the
miRNA-producing enzyme Dicer in mice causes more than
a 4-fold reduction in circulating exosomal miRNAs.*?
Therefore, it is possible that AT-derived exosomes
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Insulin resistance is a common feature of obesity and is a
critical factor in the pathogenesis of nonalcoholic fatty
liver disease (NAFLD).

NEW FINDINGS

Adipose tissue proinflammatory immune cells and
markers of inflammation are increased in people with
obesity and NAFLD compared with people with obesity
and normal intrahepatic triglyceride content. Adipose
tissue—derived PAI-1 and exosomes are associated with
insulin resistance in people with obesity and NAFLD.

LIMITATIONS

This clinical study demonstrates a link between insulin
resistance and both adipose tissue-derived PAI-1 and
exosomes in people with NAFLD, but is unable to
determine whether this relationship is causal.

IMPACT

Our findings support the potential importance of
alterations in adipose tissue biology in the pathogenesis
of insulin resistance in people with obesity and NAFLD.

contribute to systemic insulin resistance in people with
obesity and NAFLD.

In the present study, we assessed the potential impor-
tance of AT inflammation, systemic mediators of AT
inflammation, and exosomes in the pathogenesis of insulin
resistance in people with obesity and NAFLD. We evaluated
the composition of AT resident immune cells, the AT
expression of genes that encode for cytokines and markers
of macrophages and T cells, plasma cytokine concentrations
obtained serially for 24 hours, and the effect of exosomes
isolated from plasma and AT on insulin action ex vivo in 3
distinct groups of participants who were separated based
on adiposity, oral glucose tolerance, and IHTG content: (1)
healthy lean (LEAN, defined as body mass index [BMI]
18.5-24.9 kg/m? normal oral glucose tolerance test
[OGTT], HbAlc, and IHTG content); (2) obese with normal
IHTG content (OB-NL; defined as BMI 30-49.9 kg/m?
normal OGTT, HbAlc, and IHTG content); and (3) obese
with NAFLD (OB-NAFLD; defined as BMI 30-49.9 kg/m?
abnormal OGTT and/or HbAlc, and hepatic steatosis). We
hypothesized that: (1) AT proinflammatory immune cell

Abbreviations used in this paper: AT, adipose tissue; ATM, adipose tissue
macrophage; AUC, area under the curve; BMI, body mass index; IAAT,
intra-abdominal adipose tissue; IFN, interferon; IHTG, intrahepatic tri-
glyceride; IL, interleukin; LEAN, lean with normal intrahepatic triglyceride
content; miRNA, microRNA; NAFLD, nonalcoholic fatty liver disease; OB-
NL, obese with normal intrahepatic triglyceride content; OB-NAFLD,
obese with NAFLD; OGTT, oral glucose tolerance test; SAAT, subcu-
taneous abdominal adipose tissue; TG, triglyceride; TNF, tumor necrosis
factor.
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subsets, AT gene expression of cytokines, and plasma
cytokine concentrations would progressively increase from
LEAN to the OB-NL group to the OB-NAFLD group; (2) AT
proinflammatory macrophages and T cells would be nega-
tively associated with hepatic and skeletal muscle insulin
sensitivity (assessed using the hyperinsulinemic-euglycemic
clamp procedure in conjunction with stable isotopically
labeled glucose tracer infusion); and (3) exosomes derived
from plasma and SAAT obtained from OB-NAFLD partici-
pants, but not LEAN or OB-NL participants, would impair
insulin signaling in human myotubes and mouse
hepatocytes.

Methods
Study Participants

Seventy men and women participated in this study (14 men
and 56 women; age 38 + 1 years old) from May 2016-April 2020,
which was conducted in the Clinical Translational Research Unit
at Washington University School of Medicine in St. Louis, MO
(Supplementary Figure 1). Some of the data reported here were
obtained from a subset of subjects as part of their participation in
another study.?* Written informed consent was obtained from
all subjects before their participation in this study, which was
approved by the Institutional Review Board at Washington
University School of Medicine in St. Louis, MO.

All participants completed a comprehensive screening
evaluation, including a medical history and physical examina-
tion, standard blood tests, HbAlc, an OGTT, and assessment of
IHTG content using magnetic resonance imaging to determine
eligibility for each study cohort based on the following inclu-
sion criteria: (1) LEAN had BMI 18.5-24.9 kg/m?, IHTG content
<4%, serum triglyceride (TG) concentration <150 mg/dL,
fasting plasma glucose concentration <100 mg/dL, 2-hour
OGTT plasma glucose concentration <140 mg/dL, and HbAlc
<5.6%; (2) OB-NL had BMI 30.0-49.9 kg/m? IHTG content
<4%, serum TG concentration <150 mg/dL, fasting plasma
glucose concentration <100 mg/dL, 2-hour OGTT plasma
glucose concentration <140 mg/dL, and HbAlc <5.6%; and (3)
OB-NAFLD had BMI 30-49.9 kg/m? IHTG content >5.6%, and
HbAlc 5.7%-6.4% or fasting plasma glucose concentration
100-125 mg/dL or 2-hour OGTT plasma glucose concentration
140-199 mg/dL. Potential participants who had a history of
diabetes or liver disease other than NAFLD, were taking med-
ications that could affect metabolism, or consumed excessive
amounts of alcohol (>21 U/wk for men and >14 U/wk for
women) were excluded.

We evaluated whether plasma and SAAT-derived exosomes
from the OB-NAFLD group can induce insulin resistance in
human skeletal muscle myotubes and mouse hepatocytes by
studying a subset of participants in whom there was an
adequate amount of stored plasma to isolate exosomes (9
LEAN, 8 OB-NL, and 7 OB-NAFLD) and by obtaining fresh SAAT
for exosome isolation in an additional 9 OB-NL and 6 OB-
NAFLD participants (participant characteristics are provided
in Supplementary Tables 1 and 2).

Body Composition Analyses
Total body fat and fat-free mass were determined using
dual-energy X-ray absorptiometry. Intra-abdominal AT (IAAT)
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and SAAT volumes and IHTG content were assessed using
magnetic resonance imaging.

Metabolic Testing

Serial 24-hour plasma cytokine concentrations and
hyperinsulinemic-euglycemic clamp procedure. Subjects
were admitted to the Clinical Translational Research Unit at
1700 hours for ~48 hours and consumed a standard meal
between 1800 hours and 1900 hours. At 0630 hours the next
morning (day 2), a catheter was inserted into an antecubital
vein and blood samples were obtained every hour from 0700
hours to 2300 hours and at 0500 hours and 0700 hours the
following day (day 3). Meals were provided at 0700 hours,
1300 hours, and 1900 hours. Each meal contained one third of
the participant’s energy requirements and were composed of
50% carbohydrate, 35% fat, and 15% protein. A
hyperinsulinemic-euglycemic clamp procedure, in conjunction
with stable isotopically labeled glucose tracer infusion, was then
conducted to assess hepatic and skeletal muscle insulin sensi-
tivity. Subcutaneous abdominal AT was obtained from the
periumbilical area during the basal period of the clamp pro-
cedure. Details of all procedures are provided in the
Supplementary materials.

Sample Analysis and Calculations

Plasma glucose concentration was determined using an
automated glucose analyzer. Plasma insulin, HbAlc, liver en-
zymes, and lipid profile were measured in the Washington
University Core Laboratory for Clinical Studies. Plasma cytokine
concentrations were determined using a Luminex 200 analyzer
(Luminex Corp., Austin, TX). Plasma 24-hour cytokine concen-
tration area under the curve (AUC) was calculated using the
trapezoidal method?® to provide a comprehensive assessment
of daily plasma cytokine levels. Hepatic and skeletal muscle
insulin sensitivity were determined as described in the
Supplementary material.

Exosomes were isolated from plasma and SAAT explant
cultures and incubated with human skeletal muscle myotubes
and mouse primary hepatocytes to assess insulin-stimulated
phosphorylation of serine 473 of Akt as described in the
Supplementary materials. The studies in mice were approved
by the Washington University Animal Studies Committee.
Standard methods were used for AT RNA sequencing, AT
stromal vascular fraction isolation, in vitro stimulation and
intracellular cytokine staining of isolated AT immune cells, flow
cytometry, and mass cytometry, as described in the
Supplementary materials.

Statistical Analysis

One-way analysis of variance was used to compare subject
characteristics and outcomes measured at a single time point
among LEAN, OB-NL, and OB-NAFLD groups with Fisher least
significant difference post-hoc procedure used to identify sig-
nificant mean differences where appropriate. Polynomial con-
trasts were performed for selected variables to describe the
linear trend from the LEAN group to the OB-NL group to the
OB-NAFLD group. Plasma cytokine profiles during 24 hours
were analyzed using linear mixed model analysis with time and
group as fixed factors. Outliers in plasma cytokine concentra-
tions in the 24-hour profiles (defined as >3 standard deviations
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from the mean) were winsorized, and those values were
adjusted to match the next less extreme value?®’; this occurred
in <2% of values for each cytokine. Relationships among in-
sulin sensitivity and the proportion of proinflammatory and
anti-inflammatory macrophages and proinflammatory T cells
were evaluated using linear and nonlinear regression analysis
with the best fit to the data reported. Data are reported as
means + SEM unless otherwise noted. Statistical analyses were
performed using SPSS (version 25, IBM, Armonk, NY).

Based on the previously reported interindividual variability
in total macrophage number per gram of SAAT and the pro-
portion of total SAAT macrophages that are proinflammatory,*’
we estimated that 28 subjects per group would be needed to
detect differences in total macrophage number of 10,900 cells/
g SAAT and percentage of proinflammatory macrophages of
12.3% between the OB-NL and OB-NAFLD groups using a 2-
sided test with >90% power and an « value of <.05.

Results

Body Composition and Metabolic Characteristics
of LEAN, OB-NL, and OB-NAFLD Groups

BM]I, percentage of body fat, and SAAT volume were not
different in the OB-NL and OB-NAFLD groups, but IAAT
volume and IHTG content were much greater in the OB-
NAFLD than in the OB-NL group (Table 1). Although IAAT
volumes were greater in the OB-NL than the LEAN group,
there was no difference in IHTG content between groups.
Fasting plasma glucose, plasma glucose 2 hours after
glucose ingestion, plasma TG, and HbA1lc were higher in the
OB-NAFLD group than in both the OB-NL and LEAN groups,
without any differences between the 2 groups with normal
[HTG content (Table 1). Plasma alanine aminotransferase
and aspartate aminotransferase concentrations were higher
in the OB-NAFLD than in the OB-NL group (Table 1). Fasting
plasma insulin concentration progressively increased and
both hepatic insulin sensitivity (assessed as the Hepatic
Insulin Sensitivity Index, which is the reciprocal of the
product of basal endogenous glucose production rate and
basal plasma insulin concentration) and skeletal muscle
insulin sensitivity (assessed as the glucose disposal rate
relative to plasma insulin concentration during the
hyperinsulinemic-euglycemic clamp procedure) progres-
sively decreased from the LEAN group to the OB-NL group
to the OB-NAFLD group (Table 1). Hepatic and skeletal
muscle insulin sensitivity were lower in the OB-NL group
than the LEAN group, although both groups had normal
IHTG content.

Proinflammatory Macrophages are Increased in
SAAT in People With Obesity

To help characterize ATMs as either proinflammatory
(“M1-like”) or anti-inflammatory (“M2-like”) subsets, we
used mass cytometry to assess the expression of
macrophage-related proteins on the surface of stromal
vascular fraction cells from 4 participants (2 LEAN and 2
OB-NAFLD). Consistent with a previous study,'® ATMs were
classified into 2 subsets: (1) CD206" CD11c” macrophages;
and (2) CD206" CD11ct macrophages (Supplementary
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Figure 24). We also identified a third subset of CD64 posi-
tive cells, but did not categorize those cells as macrophages
because they either did not express or expressed very low
levels of markers that are characteristic of known macro-
phage subsets (CD206, HLA-DR, CD9, and CD163)
(Supplementary Figure 2B) and have been characterized as
monocytes, not macrophages.'® The CD206" CD11c” subset
tended to express higher levels of markers associated with
anti-inflammatory macrophages (CD206 and CD163),
whereas the CD206% CD11c" subset tended to express
higher levels of the costimulatory marker CD86 and con-
tained a population of CD9" cells, which is a marker asso-
ciated with crown-like structure macrophages.”® Within
each macrophage subset, cells from LEAN and OB-NAFLD
participants tended to express similar levels of the other
surface markers. Based on this analysis, we defined CD206™
CD11c” ATMs as being anti-inflammatory (M2-like) and
CD206™" CD11c* ATMs as being proinflammatory (M1-like),
and used these markers for all subsequent flow cytometric
analyses. Nonetheless, it is likely that the M1-like and M2-
like ATM subsets comprise heterogeneous mixtures of
cells with both M1-like and M2-like features.

The number of total, M1-like, and M2-like macrophages
increased progressively from the LEAN group to the OB-NL
group to the OB-NAFLD group, and the number of total
macrophages and M1-like macrophages were greater in the
OB-NAFLD than the OB-NL group (Figure 1A4). In addition,
the proportion of total macrophages that were M1-like
progressively increased, whereas the proportion that were
M2-like progressively decreased, from the LEAN group to
the OB-NL group to the OB-NAFLD group, and the mean
values in the OB-NAFLD group were significantly different
than the mean values in the OB-NL group (Figure 1B,
Supplementary Figure 34). Accordingly, the ratio of M1-like
to M2-like macrophages increased progressively from the
LEAN group to the OB-NL group to the OB-NAFLD group.
The proportion of M1-like macrophages and the M1-like to
M2-like ratio among all subjects were negatively associated,
whereas the proportion of M2-like macrophages was posi-
tively associated with both hepatic (Figure 1C) and muscle
(Figure 1D) insulin sensitivity. Adipose tissue monocytes,
which can differentiate into macrophages, were not
different between the LEAN, OB-NL, and OB-NAFLD groups
(Supplementary Figure 4). However, the number of classical
dendritic cells, which are another myeloid cell subset that
has important functions in initiating immune responses via
antigen presentation to T cells, was lower in the LEAN group
than the OB-NL and OB-NAFLD groups, without a difference
between the 2 obese groups (Supplementary Figure 4).

Increase in Memory T Cells in AT From OB-
NAFLD Participants

There were no differences in the total number of cells
within T-cell subsets (CD4 T cells, CD8 T cells, naive CD4 T
cells, memory CD4 T cells, naive CD8 T cells, and memory
CD8 T cells) or natural killer cells per gram of SAAT among
the LEAN, OB-NL, and OB-NAFLD groups (Figure 24,
Supplementary Figure 4). However, when analyzed as
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Table 1.Body Composition and Metabolic Characteristics of Participants

LEAN (N = 14) OB-NL (N = 28) OB-NAFLD (N = 28)
Age (v) 36 +2 36 + 1 42 + 2°
Body mass index (kg/m?) 229+ 04 37.7 + 0.9° 39.2 + 0.97
Body fat (%) 294 +1.6 48.0 + 1.19 48.6 + 0.8%
IHTG content (%) 1.8 +0.2 2.4 +02 17.5 + 1.7%°
IAAT volume (cm®) 457 + 53 938 + 897 1928 + 1412°
SAAT volume (cm?®) 963 + 94 3701 + 1817 3798 + 2377
Alanine aminotransferase (U/L) 15+2 16 + 1 37 + 8
Aspartate aminotransferase (U/L) 19+2 17 £ 1 26 + 3°
Fasting TG (mg/dL) 72 +8 69 + 4 135 + 8%°
HbA1c (%) 5.0 + 0.1 51+ 0.1 5.5 + 0.1%°
Fasting insulin (uU/mL) 52+ 0.5 12.3 +1.3° 27.8 + 3.0%°
Fasting glucose (mg/dL) 86 + 1 88 + 1 97 + 2%°
Glucose at 2 h of OGTT (mg/dL) 98 +5 107 + 3 158 + 47°
HISI (1000/[umol/kg FFM/min] x [uU/mL]) 109 + 1.2 5.6 + 0.4° 2.9 +0.2%°
Glucose Rd/insulin (nmol/kg FFM/min)/(uU/mL) 683 + 65 383 + 337 206 + 17%°

NOTE. Data are expressed as mean + SEM.

&P < .05 value significantly different from the corresponding value in the LEAN group.
bp < .05 value significantly different from the corresponding value in the OB-NL group.

proportions within T-cell subgroups, the percentage of
memory CD4 and CD8 T cells were greater in the OB-NAFLD
than in the OB-NL and LEAN groups, without a difference
between the LEAN and OB-NL groups, whereas the per-
centage of naive CD4 and CD8 T cells were lower in the OB-
NAFLD than in the OB-NL and LEAN groups (Figure 24,
Supplementary Figure 3B). Among memory CD4 T cells, we
found progressive increases in the number of Th1 cells and
the proportion of Th1l cells within CD4 T cells from the
LEAN group to the OB-NL group to the OB-NAFLD group,
and both the number and proportion of Thl cells were
greater in the OB-NAFLD than in the OB-NL and LEAN
groups (Figure 2B). Consistent with these findings, the
proportion of CD4 T cells that produced interferon (IFN)-v,
the signature cytokine of Th1 cells, progressively increased
from the LEAN group to the OB-NL group to the OB-NAFLD
group, and was greater in the OB-NAFLD than the OB-NL
and LEAN groups (Figure 2C, Supplementary Figure 3C).
There were no differences in the total number of Th17 cells
or the proportion of CD4 T cells that were Th17 cells among
the 3 groups (Figure 2B). However, the proportion of CD4 T
cells that produced interleukin (IL)17 was lower in the OB-
NL and OB-NAFLD groups than in the LEAN group
(Figure 2C, Supplementary Figure 5B). Within CD8 T cells,
the proportion that produced IFN-vy progressively increased
from the LEAN group to the OB-NL group to the OB-NAFLD
group and was greater in the OB-NAFLD than the OB-NL and
LEAN groups (Figure 2C). A very small percentage of stim-
ulated CD8 T cells produced IL17 and the proportion that

produced IL17 was lower in the OB-NAFLD than in the
LEAN group (Figure 2C). The number of AT CD69" CD4 T
cells, which are composed of recently activated and tissue-
resident memory T cells, was greater in the OB-NAFLD
group than in the OB-NL and LEAN groups (Figure 2D).
The number of CD69" CD8 T cells and CD69™" natural killer
cells increased progressively from the LEAN group to the
OB-NL group to the OB-NAFLD group and were significantly
greater in the OB-NAFLD group than in the LEAN group,
without a difference between the 2 obese groups
(Figure 2D).

We then evaluated the relationship between insulin
sensitivity and the subgroups of proinflammatory T cells
that showed significantly greater numbers or percentages in
the OB-NAFLD group than the OB-NL group (ie, % memory
CD4 T cells, % memory CD8 T cells, total and % Th1 T cells,
% IFN-y* CD4 and CD8 T cells, and total CD69" CD4 T
cells). There were statistically significant, but weak, inverse
correlations between muscle insulin sensitivity and these T-
cell subgroups (Supplementary Figure 6).

No significant differences were identified among the 3
groups of participants in the numbers of AT neutrophils, B
cells, eosinophils, or mast cells (Supplementary Figure 4).
There were also no differences among groups in the number
or proportion of Th2 cells (Supplementary Figure 5A4), the
proportion of CD4 T cells that produced IL22 alone or in
combination with IL17, or in the proportion of CD4 and CD8
T cells that produced TNF-a or IL10 (Supplementary
Figure 5B).



September 2021 Adipose Tissue Inflammation in NAFLD 973

A Total macrophages M1-like macrophages M2-like macrophages
—# __# ¥
- ; _ *
_ 300 *t _ 80 _ 200 o
(=] (=1 (=]
o o =1 =1
e S 60 - e 1501 *
= X &
o]
E E 40 - E 1001 o @ G&
[=2] o [=2]
) & 20 ) ;
° © ©
(&) o (&)
0 4
LEAN OB- 0B- LEAN OB- .
ML NAFLD ML MNAFLI NL NAFLD
B M1-like macrophages M2-like macrophages M1-like:M2-like ratio
# # #
80 - 100 - * *
g g 8 . 3
o o 80 4 " s [
w ]
= =) A g
B o 50 4 —
2 e &
o o =
@ T 40 - =
E £ g
3] © 20 4 ST
ES ES =
0 o
LEAN  OB- OB- LEAN  OB- 0B-
NL  NAFLD NL  NAFLD NL  NAFLD
20 - 20 - 20 -
® =051 r=048 e '. r=-0.50
15 | P < .0001 15 | P <.0001 — 15 4 P < .0001
% 10 - 2] @
% T I
5 4
0 : : - : 0 —_——— )
0 20 40 60 80 30 40 50 60 70 80 90 100 2
i = o
M: -like macrophages M°2-I|ke macrophages M1-like:M2-like ratio u
(% of macrophages) (% of macrophages) o
D EE
=]
1,600 - 1,600 - 1,600 - § §
u r=-0.65 r=0.59 > i r=-0.63 2
< 1,200 | sl S12004 F<.0007 = 1,200 1 P %0001 E
, 5k =%
& 3 &
2 800 - % 800 A @ 800 -
o o o
S S S
& 400 ® 400 A & 400
0 - - . : 0 — 0 T T T )
0 20 40 60 8O 30 40 50 60 70 80 90 100 0 05 1 15 2
M1-like macrophages M2-like macrophages T— .
(% of macrophages) (% of macrophages) MRl M2- ke retic

Figure 1. Macrophages in SAAT. (A and B) Number of total, pro-inflammatory (M1-like), and anti-inflammatory (M2-like)
macrophages per gram of tissue (A) and M1-like and M2-like macrophages as a percentage of total macrophages and the M1-
like:M2-like ratio (B) in SAAT in LEAN, OB-NL, and OB-NAFLD groups. (C and D) Relationship between the hepatic (Hepatic
Insulin Sensitivity Index [HISI]; (C) and skeletal muscle (glucose rate of disappearance from plasma relative to plasma insulin
concentration during the hyperinsulinemic-euglycemic clamp procedure [glucose Rd/l]; D) insulin sensitivity and M1-like and
M2-like macrophages as a proportion of total macrophages and the M1-like:M2-like ratio in LEAN (black circles), OB-NL (grey
circles), and OB-NAFLD (white circles) participants. The values in (A) and (B) are means + SEM. *Value significantly different
from the LEAN value, P < .05. TValue significantly different from the OB-NL value, P < .05. *Linear trend, P < .05.

AT Gene Expression of Markers of Inflammation macrophage (CD68 and MRC1) and lipid-associated macro-

are Increased in OB-NAFLD phage (TREMZ2) markers, and an anti-inflammatory protein
AT expression of genes that encode for proinflammatory  (IL10) progressively increased from the LEAN group to the
proteins, SERPINE1, TNF, IL6, CCL2, CCL3, CCL5, and CXCL16, OB-NL group to the OB-NAFLD group, but there was no
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Figure 3. Gene expression of markers of inflammation in SAAT. Expression of genes encoding for cytokines (PAI-1 [encoded
by SERPINE1], TNF-«, IL18, IL6, CCL2, CCL3, CCL5, CXCL16, IL10) and for proteins highly expressed in macrophages (CD68
and CD206, encoded by MRC1) and lipid-associated macrophages (TREM2) in SAAT in LEAN, OB-NL, and OB-NAFLD
groups. Values are means + SEM *Value significantly different from the LEAN value, P < .05. TValue significantly different

from the OB-NL value, P < .05. *Linear trend, P < .05.

difference in IL1B expression among the groups (Figure 3).
Moreover, the expression of genes that encode for SER-
PINE1, CCL3, CCL5, CXCL16, CD68, MRC1, and TREMZ2 were
greater in the OB-NAFLD group than in the OB-NL group
and greater in the OB-NL group than in the LEAN group
(Figure 3). The expression of genes that encode for several
other proinflammatory proteins (TNF, IL6, and CCL2) were
greater in the OB-NL and OB-NAFLD groups than in the
LEAN group, but not different between the 2 obese groups.

Concentrations of Plasma PAI-1 But Not
Cytokines are Greater in the OB-NAFLD Group
Than the OB-NL Group

To provide a more comprehensive assessment of circu-
lating cytokines than would be obtained by fasting samples
only, we evaluated plasma cytokine concentrations serially
for 24 hours (every hour from 0700 hours to 2300 hours
and then at 0500 hours and 0700 hours the next day). With
the exception of the diurnal variation in plasma PAI-1 con-
centrations, plasma TNF-g, IL6, IFN-vy, CCL2, CCL5, IL13, and

IL17 concentrations were stable throughout the 24-hour
blood sampling study and were not affected by meals
(consumed at 0700 hours, 1300 hours, and 1900 hours)
(Figure 4). The 24-hour plasma TNF-« and CCLZ concen-
tration AUCs were greater in the OB-NL and OB-NAFLD
groups than in the LEAN group, without differences be-
tween the 2 obese groups. The 24-hour plasma IL6, IFN-v,
CCL5, IL18, and IL17 concentration AUCs were not signifi-
cantly different between the groups. Plasma PAI-1 pro-
gressively increased from the LEAN group to the OB-NL
group to the OB-NAFLD group and the 24-hour AUC was
greater in the OB-NAFLD group than in both OB-NL and
LEAN groups (Figure 4). Because of the unique differences
in plasma PAI-1 concentration among the 3 groups of par-
ticipants, which was not observed with the other plasma
cytokines, we evaluated the relationship between 24-hour
plasma PAI-1 AUC and insulin sensitivity among all partic-
ipants. There was an inverse curvilinear correlation be-
tween 24-hour plasma PAI-1 AUC and both hepatic and
skeletal muscle insulin sensitivity (Figure 54). In addition,
there was a positive correlation between markers of ATMs
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(expression of CD68 and percentage of M1-like ATMs) and
both AT expression of SERPINE1 and 24-hour plasma PAI-1
AUC (Figures 5B and 5C).

Plasma and AT Exosomes From OB-NAFLD
Induce Insulin Resistance in Myotubes and
Hepatocytes

Exosomes isolated from plasma and SAAT explant cul-
tures were used to assess their effects on insulin action in
myotubes and hepatocytes. The reliability of our isolation
procedure was verified by measuring particle size
(Supplementary Figure 7A) and the expression of exosome-
specific protein markers (Supplementary Figures 7B and
7C). Plasma exosome concentration was 3-fold higher in the
OB-NAFLD group than in the OB-NL and LEAN groups (7.0 +
1.5 vs 2.5 + 0.3 and 2.0 + 0.3 10'° particles/mL, respec-
tively; P < .01). We detected protein markers of AT-derived
exosomes in plasma exosome samples (Supplementary
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Figure 5. Relationships among plasma PAI-1 24-h AUC and
both hepatic (Hepatic Insulin Sensitivity Index [HISI]) and skel-
etal muscle (glucose rate of disappearance from plasma relative
to plasma insulin concentration during the hyperinsulinemic-
euglycemic clamp procedure [glucose Rd/l]) insulin sensitivity
(A), AT SERPINE1 expression and both AT CD68 expression
and M1-like macrophages (B), and plasma PAI-1 24-h AUC and
both AT CD68 expression and M1-like macrophages (C) in
LEAN (black circles), OB-NL (grey circles), and OB-NAFLD
(white circles) participants.

Figure 7D), demonstrating that the plasma exosomes origi-
nated, at least in part, from AT. Compared with exosomes
derived from the LEAN and OB-NL groups, plasma and
SAAT-derived exosomes from the OB-NAFLD group caused
insulin resistance in both myotubes and hepatocytes,
demonstrated by impaired insulin signaling (phosphoryla-
tion of Akt; Figures 64 and 6B). Equal concentrations of
exosomes were used to treat myotubes and hepatocytes
ex vivo to evaluate the concentration-independent effects of
exosomes on insulin action across study groups. Therefore,
it is possible the adverse effects of plasma exosomes on
insulin action in the OB-NAFLD group might be more pro-
nounced in vivo because of their higher plasma exosome
concentrations. The effects of both plasma and SAAT-
derived exosomes on insulin signaling in myotubes and
hepatocytes ex vivo correlated directly with skeletal muscle
and hepatic insulin sensitivity, respectively, measured
in vivo using the clamp procedure and stable isotopically
labeled glucose tracer infusion (Figures 6C and 6D).
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Discussion

We conducted in vivo and ex vivo studies to assess the
potential importance of SAAT inflammation and exosomes
in the pathogenesis of insulin resistance in people with
obesity and NAFLD. The immune cell profile and expression
of genes involved in inflammation in SAAT, plasma cytokine
concentrations, and the effect of both plasma and SAAT-
derived exosomes on insulin action were evaluated in 3
rigorously characterized cohorts stratified by adiposity,
metabolic health, and IHTG content. Our data demonstrate
that most proinflammatory immune cells and the expression
of proinflammatory genes in SAAT progressively increased
from the LEAN group to the OB-NL group to the OB-NAFLD
group. Moreover, these markers of inflammation were often
significantly greater in the OB-NAFLD group than in the OB-
NL group, including: (1) the number of total and proin-
flammatory (M1-like) macrophages and the percentage of
macrophages that were M1-like; (2) the number or per-
centage of activated and memory T-cell subsets (memory
CD4 and CD8 T cells, IFN-y-producing CD4 and CD8 T cells,
and CD69" CD4 T cells); and (3) gene expression of proin-
flammatory cytokines (SERPINE 1, CCL3, CCL5, and CXCL16)
and macrophage markers (CD68 and MRCI1) and lipid-
associated macrophage (TREMZ2) markers. However, the
absolute mean differences in immune cells and gene
expression between the OB-NL and the OB-NAFLD groups

were small, and there was considerable overlap in individ-
ual participant values between the 2 obese groups. There
were no differences in the 24-hour plasma cytokine AUCs
between the OB-NL and OB-NAFLD groups with the excep-
tion of PAI-1, which was much greater in the OB-NAFLD
group than in the OB-NL and LEAN groups and was
inversely correlated with measures of both hepatic and
skeletal muscle insulin sensitivity. Both plasma and SAAT
exosomes isolated from the OB-NAFLD group impaired in-
sulin action in myotubes and hepatocytes ex vivo. In addi-
tion, the percentage of macrophages that were
proinflammatory, which are an important source of plasma
and AT-derived exosomes, was inversely correlated with
both hepatic and skeletal muscle insulin sensitivity.
Together, these results demonstrate it is unlikely that SAAT
inflammation causes systemic insulin resistance by
increasing the release of classical inflammatory cytokines
into the circulation. Instead, our data suggest SAAT pro-
duction and secretion of PAI-1 and exosomes are involved in
the pathogenesis of insulin resistance associated with
obesity and NAFLD, but we are unable to precisely deter-
mine whether these relationships are causal or simply an
association.

We found a greater number of total ATMs and M1-like
ATMs per gram of SAAT in the OB-NAFLD group than the
OB-NL group, although the 2 groups were matched on body
fat mass. Therefore, other factors, independent of fat mass
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itself, are involved in the accumulation of SAAT ATMs in
people with obesity and NAFLD. The factors responsible for
the infiltration and polarization of immune cells in AT have
been studied in rodent models. Macrophage infiltration in-
creases in response to hypoxia®’ and increased rates of
lipolysis of adipocyte TGs.*” Moreover, increased intra-
adipocyte free fatty acid flux can cause adipocyte hypoxia
by adenine nucleotide translocase-2-dependent uncoupling
of mitochondrial respiration.31 In addition, increases in CD8
T cells and CD4 Thl cells in obese rodents increase the
secretion of chemokines that recruit circulating monocytes
to AT and promote their differentiation into macro-
phages,'?? which are then polarized toward a proin-
flammatory state using IFN-v.** The release of cytokines
from M1-like macrophages also increases macrophage
number in a positive, feed-forward manner by increasing
monocyte infiltration and stimulating the proliferation of
tissue-resident macrophages.”* *° Together, these data
suggest a complex interplay among AT free fatty acid flux,
oxygenation, and immune cells that drive the recruitment
and accumulation of proinflammatory ATMs.

Both hepatic and skeletal muscle insulin sensitivity were
lower in the OB-NAFLD group than the OB-NL group.
Although the number and percentage of M1-like macro-
phages and many proinflammatory T-cell subsets and SAAT
expression of proinflammatory genes were greater in the
OB-NAFLD group than the OB-NL group, these differences
did not translate into differences in classical plasma cyto-
kine concentrations. Instead, SAAT gene expression of
SERPINE1, which encodes for PAI-1, progressively increased
from the LEAN group to the OB-NL group to the OB-NAFLD
groups, and plasma PAI-1 24-hour AUC was inversely
associated with hepatic and muscle insulin sensitivity. These
findings are consistent with the results from previous
studies that found plasma PAI-1 concentrations are
increased in people with NAFLD.?” PAI-1 is produced by
adipocytes®®?? and ATMs.***° The correlations we
observed between ATMs and both AT expression of SER-
PINE1 and 24-hour plasma PAI-1 AUC support the notion
that the increase in plasma PAI-1 concentrations in the OB-
NAFLD group was, at least in part, caused by the production
of PAI-1 by ATMs. In rodent models, adipocyte-specific PAI-
1 overexpression causes insulin resistance’’ whereas
whole-body and adipocyte-specific knockouts of PAI-1
improve insulin action.*”** These findings suggest the
production of most cytokines by SAAT might have local
paracrine effects, but do not have direct effects on systemic
metabolic function. In fact, it is unlikely that changes in
circulating TNF-o, IL16, and IL6 cause systemic insulin
resistance in people because: (1) biological treatments that
decrease TNF-« and IL13 plasma concentrations or activity
do not affect insulin sensitivity***’; (2) TNF-a concentra-
tions that impair glucose uptake or insulin signaling in cell
systems are orders of magnitude higher than plasma con-
centrations found in people*®*?; (3) the infusion of IL6 that
results in a 25- to 160-fold increase in plasma IL6 concen-
trations in healthy lean people has either no effect”®”! or a
small beneficial effect on insulin sensitivity®%; and (4) TNF-«
infusions that cause about a 10-fold increase in plasma

Gastroenterology Vol. 161, No. 3

concentrations (from 1-2 pg/mL to ~16 pg/mL) reduce
insulin-stimulated glucose uptake by only 10%-15%.°""*
Together, these data suggest PAI-1 secreted from AT, but
not other adipokines, contributed to hepatic and muscle
insulin resistance observed in our OB-NAFLD participants.

The marked increase in plasma exosomes observed in
our OB-NAFLD group than in the OB-NL and LEAN groups
extends the findings from previous studies that demon-
strated plasma exosome concentrations were higher in
people with obesity and metabolic syndrome®* and in
people with obesity and type 2 diabetes” than in healthy
lean subjects. Incubating human skeletal muscle myotubes
and mouse hepatocytes with plasma and SAAT-derived
exosomes obtained from the OB-NAFLD group, but not
from the LEAN or OB-NL groups, impaired insulin-
stimulated Akt phosphorylation. Moreover, the effects of
both plasma and SAAT-derived exosomes on insulin
signaling in myotubes and hepatocytes correlated directly
with skeletal muscle and hepatic insulin sensitivity,
respectively, measured in vivo during the clamp procedure.
In mouse models, injecting ATM exosomes isolated from
lean mice into obese mice improves systemic insulin
sensitivity, whereas injecting exosomes isolated from ATMs
from obese mice induces insulin resistance in lean mice.”"**
It is likely that exosome-mediated regulation of insulin ac-
tion is mediated by the transfer of specific miRNAs; studies
conducted in mice and cell culture systems have shown
exosomal miR-29a and miR-155 decrease”’** and exosomal
miR-690 increase”® insulin sensitivity. Our results support
the notion that circulating exosomes derived from SAAT
contribute to systemic insulin resistance in people with
obesity and NAFLD, but does not preclude the possibility
that exosomes produced by other organs are also involved.

The results from the present study demonstrate statis-
tically significant, but small, differences in SAAT immune
cell populations and SAAT expression of most proin-
flammatory cytokines in people with obesity and NAFLD
than in those with obesity and normal IHTG content.
Although it has been proposed that the secretion of proin-
flammatory cytokines cause systemic insulin resistance, this
seems unlikely because 24-hour plasma concentrations of
many classical cytokines were not greater in the OB-NAFLD
group than the OB-NL group. Instead, our data, in conjunc-
tion with the results from previous studies conducted in
mouse models, suggest SAAT-derived PAI-1 and exosomes
are involved in the pathogenesis of insulin resistance in
people with obesity and NAFLD.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Clinical Gastroenter-
ology and Hepatology at www.cghjournal.org, and at
https://doi.org/10.1053/j.gastro.2021.05.008.
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Supplementary Methods

Metabolic Testing

Serial plasma cytokine concentrations for
24-hour and hyperinsulinemic-euglycemic clamp
procedure. Subjects were admitted to the Clinical Trans-
lational Research Unit at 1700 hours on day 1 for ~48
hours and consumed a standard meal (50% carbohydrate,
35% fat, 15% protein) containing one third of their esti-
mated energy requirements’ between 1800 hours and 1900
hours. At 0630 hours the next morning on day 2, a catheter
was inserted into an antecubital vein for 24-hour serial
blood sampling. Blood samples were obtained every hour
from 0700 hours to 2300 hours on day 2 and at 0500 hours
and 0700 hours on day 3. Meals were provided at 0700
hours, 1300 hours, and 1900 hours. Each meal contained
one third of the participant’s energy requirements and were
comprised of 50% carbohydrate, 35% fat, and 15% protein.
A hyperinsulinemic-euglycemic clamp procedure, in
conjunction with stable isotopically labeled glucose tracer
infusion, was conducted on day 3 to assess hepatic and
skeletal muscle insulin sensitivity. At 0700 hours, a primed
(8.0 umol/kg) continuous (0.08 umol/kg/min) infusion of
[U-'3C]glucose (Cambridge Isotope Laboratories Inc., And-
over, MA) was started through the existing intravenous
catheter. An additional catheter was inserted into a radial
artery to obtain arterial blood samples. After the infusion of
glucose tracer for 210 minutes (basal period), insulin was
infused for 210 minutes at a rate of 50 mU/m?/min (initi-
ated with a 2-step priming dose of 200 mU/m? body surface
area/min for 5 minutes followed by 100 mU/m?/min for 5
minutes). The infusion of [U-'*C]glucose was stopped dur-
ing insulin infusion because of the expected decrease in
hepatic glucose production.” Euglycemia (~100 mg/dL)
was maintained using variable infusion of 20% dextrose
enriched to ~ 1% with [U-"3C]glucose. Blood samples were
obtained before beginning the tracer infusion and every 6-7
minutes during the final 20 minutes (total of 4 blood
samples) of the basal and insulin infusion periods.

AT biopsies. SAAT was obtained from the peri-
umbilical area during the basal period of the clamp pro-
cedure. After anesthetizing the skin by injection of 1%
lidocaine, a small skin incision (~0.5 cm) was made and
~0.5 g of adipose tissue was aspirated through a 4-mm
liposuction cannula (Tulip Medical Products, San Diego,
CA) connected to a 60-mL syringe. Samples were immedi-
ately rinsed in ice-cold saline and frozen in liquid nitrogen
before being stored at -80°C until processed for RNA
sequencing. In addition, ~3 g of subcutaneous AT was
obtained using aspiration, immediately placed in ice-cold
saline, and then stored on ice for stromal vascular fraction
(SVF) or exosome isolation on the same day.

Sample Analysis and Calculations

Glucose Kinetics. Plasma glucose tracer-to-tracee
ratios were determined using gas-chromatography/mass-
spectrometry as previously described.®> The Hepatic Insulin
Sensitivity Index (HISI) was calculated as the inverse of the
product of plasma insulin concentration and the endogenous
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glucose rate of appearance into the systemic circulation,
determined by dividing the glucose tracer infusion rate by
the average plasma glucose tracer-to-tracee ratio during the
last 20 minutes of the basal and insulin infusion periods of
the hyperinsulinemic-euglycemic clamp procedure.* Total
glucose rate of disappearance (Rd) during insulin infusion
was assumed to be equal to the sum of endogenous glucose
rate of appearance into the bloodstream and the rate of
infused glucose during the last 20 minutes of the clamp
procedure. Skeletal muscle insulin sensitivity was calculated
as glucose Rd expressed per kg fat-free mass divided by the
average plasma insulin concentration (glucose Rd/I) during
the final 20 minutes of the clamp procedure.”

Adipose tissue RNA sequencing. Total RNA was
isolated from frozen SAAT samples by using QIAzol lysis
reagent and a RNeasy mini kit (Qiagen, Valencia, CA) in
combination with a RNase-free DNase Set (Qiagen) as we
previously described.” Three SAAT samples from the OB-NL
group and 1 from the OB-NAFLD group were excluded from
further analysis due to poor RNA quality attributable to
RNA degradation. Library preparation on the remaining
samples was performed with total RNA and complementary
DNA fragments sequenced on an Illumina NovaSeq 6000
(Illumina, San Diego, CA). Expression of individual genes are
presented as log2-transformed counts per million reads.

AT SVF isolation. To isolate the SVF from AT, the
sample was rinsed twice with phosphate-buffered saline
(PBS) to remove blood introduced during the liposuction
procedure before being transferred to gentleMACS C tubes
(Miltenyi Biotec, Auburn, CA) containing digestion medium
(RPMI 1640 with 2% fetal calf serum, penicillin-strepto-
mycin, GlutaMAX, sodium pyruvate, and nonessential amino
acids). Collagenase D (Roche, Indianapolis, IN) was then
added to a final concentration of 2 mg/mL and the tissue
was incubated by placing the tube for 20 minutes at 37°C
with shaking at 150 rpm. The tissue was then transferred to
a gentleMACS dissociator (Miltenyi Biotec) to dissociate any
remaining tissue pieces. The resulting cell suspension was
filtered through a 100-um cell strainer, washed with
digestion medium, and subjected to red blood cell lysis
(RBC lysis buffer, Biolegend, San Diego, CA). Cell suspen-
sions were then resuspended in culture medium (RPMI
1640 with 10% fetal calf serum, penicillin-streptomycin,
GlutaMAX, sodium pyruvate, and nonessential amino acids)
and stored on ice until further processing for mass cytom-
etry or in vitro stimulation and flow cytometry.

Mass cytometry. For mass cytometry analysis, the SVF
was isolated and the cells were subjected to Ficoll density
centrifugation (GE Healthcare, Boston, MA; 400g for 20 mi-
nutes without break) to remove debris and RBCs. The
interphase was collected and resuspended in PBS with 2%
bovine calf serum and 0.05% sodium azide (Fluorescence-
Activated Cell Sorting [FACS] buffer). Cells were incubated
for 10 minutes on ice with Fc receptor block buffer prepared
with 10% human plasma before incubation with metal
isotype-conjugated antibodies for 60 minutes on ice. Anti-
bodies used for mass cytometry are listed in Supplementary
Table 3. After antibody incubation, cells were stained with
2.5 umol/L cisplatin (Enzo Life Sciences, Farmingdale, NY) to
detect dead cells, followed by fixation in 4%
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paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA). Stained and fixed samples were frozen in fetal calf serum
with 10% dimethylsulfoxide at -80°C before mass cytometric
analysis. On each day of SVF processing, a frozen aliquot of
peripheral blood mononuclear cells (PBMCs) prepared from
a healthy volunteer was thawed and then stained, fixed, and
frozen in the same manner as the SVF samples. These PBMC
samples served as reference samples to monitor day-to-day
variations in staining intensity.

The day before mass cytometric acquisition, cells from
all samples (SVF from 2 LEAN and 2 OB-NAFLD partici-
pants, and 4 PBMC reference samples) were thawed,
washed, and then barcoded using Maxpar Pd barcoding
reagents, according to the manufacturer’s recommendations
(Fluidigm, South San Francisco, CA). After barcoding, equal
numbers from each barcoded sample were combined into 1
pooled sample and incubated with Cell-ID Intercalator-Ir
(Fluidigm) to detect non-nucleated cells/debris and dou-
blets, diluted in 2% paraformaldehyde, overnight. Cells
were acquired on a CyTOF2/Helios instrument (Fluidigm)
by Washington University’s Immunomonitoring Laboratory.
Samples were debarcoded using the program Single Cell
Debarcoder.® Samples were analyzed with the FlowJo v10
software. Comparison of marker expression (CD45, CD14,
HLA-DR, CD86) on monocytes within the PBMC reference
samples revealed no more than 15% variance in signal in-
tensity between processing days. Macrophages were gated
as DNA™ cisplatin®, CD45" CD64% cells and then further
divided into 3 main subsets based on their expression of
CD206 and CD11c as specified in Supplementary Figure 24.
Each subset was further analyzed for expression levels
(geometric mean) of each macrophage-expressed surface
marker. A heat map was generated by setting the highest
expression (detected in any of the 4 samples, within any of
the 3 CD64" subsets) as 100% and calculating marker
expression of the other samples and subsets as a percentage
of this maximum value (Supplementary Figure 2 B)

In vitro stimulation. For intracellular cytokine stain-
ing, a portion of the cell suspensions from the SVF was
cultured in wells of a 96-well round bottom plate at 37°C
for 5 hours in the presence of GolgiPlug (Brefeldin A, BD
Biosciences, San Jose, CA) and 50 ng/mL phorbol 12-
myristate 13-acetate (PMA) and 1 pg/mL ionomycin (both
from Sigma Aldrich, St. Louis, MO). After the culture period,
cells were processed for flow cytometric staining as indi-
cated in the next section.

Flow cytometry. Before antibody staining, cells iso-
lated from AT were incubated on ice with Fc receptor block
buffer consisting of FACS buffer mixed with 10% autolo-
gous plasma. Cells were then incubated with fluorochrome-
conjugated antibody cocktails, diluted in Fc receptor block
buffer, for 20 minutes on ice. Details of the antibody cock-
tails used in this study are shown in Supplementary Table 4.
After antibody staining, cells were washed with PBS and
incubated with Zombie Aqua fixable live/dead dye (Bio-
legend) diluted in PBS. Subsequently, cells were fixed in
Cytofix buffer (BD Biosciences), washed with FACS buffer,
and stored at 4°C prior to flow cytometric analysis. Cell
concentrations in stained samples were determined by
adding counting beads to the lymphocyte-stained cell
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sample immediately before flow cytometric acquisition
(123count eBeads, eBioscience, San Diego, CA). Cell con-
centrations in samples were calculated per the manufac-
turer’s directions and were used to estimate the cell counts
per gram of adipose tissue. For intracellular cytokine
staining, surface-stained, fixed cells were washed with
permeabilization buffer (PBS with 0.5% saponin and 0.1%
bovine serum albumin), followed by incubation with anti-
cytokine antibodies as specified in Supplementary Table 4,
diluted in permeabilization buffer for 30 minutes at room
temperature. Cells were then washed with permeabilization
buffer and resuspended in FACS buffer. Samples were ac-
quired on an LSR Fortessa using Diva software and
analyzed with the Flow]Jo v10 software (all from BD Bio-
sciences, San Jose, CA). Cells were gated on single, live,
CD45™ cells. Analysis of the individual immune cell subsets
was performed as specified in Supplementary Figure 8 and
Supplementary Table 5.

AT explant culture. SAAT was minced into small (~2
mm) pieces, repeatedly washed with PBS, and processed to
eliminate any visible connective tissue and blood vessels.
The minced tissue was centrifuged (300g, 5 minutes) to
remove RBCs and debris, and incubated in serum-free M199
medium supplemented with 0.1% (vol/vol) of bovine serum
albumin and 1% (vol/vol) of penicillin-streptomycin solu-
tion (all from Sigma-Aldrich) at 37°C in an atmosphere
containing 5% CO, (1 g of tissue/3 mL of media). The
medium was renewed after 2 hours and the explants were
cultured for an additional 48 hours. The conditioned media
were collected, centrifuged (300g, 5 minutes), and stored at
-80°C until further analysis.

Plasma and AT exosome isolation. Plasma and AT-
derived exosomes were isolated as previously described””
with modifications. Fasting plasma (1 mL) or AT condi-
tioned media were concentrated by using 100 kDa centri-
fuge filters (Millipore Amicon Ultra, St. Louis, MO).
Concentrated plasma was added to a gel filtration column
(Thermo Scientific Disposable 10 mL Polypropelyne Col-
umns, Waltham, MA), packed with a slurry of cross-linked
Sepharose CL-2B particles (Sigma-Aldrich), using PBS as
the mobile phase. Fractions of 1 mL were eluted by gravity
flow and exosome concentration and size in each fraction
was determined by Nanoparticle Tracking Analysis (Nano-
Sight, Malvern, Westborough, MA; Camera Level 15, Detec-
tion Threshold 5; Supplementary Figure 7A). Fractions
containing the highest number of exosomes with reduced
total concentration of contaminating proteins, determined
using dendritic cell (DC) protein assay (Bio-Rad), were
collected and further concentrated using 100 kDa centrifuge
filters. The purity of the samples was confirmed using
immunoblotting for presence of exosome markers (CD63,
Cavl, Syntenin, Alix, and HSP90) and absence of other
organelle markers (Calnexin for the endoplasmic reticulum
[ER], Lamin A/C for the nuclei, and VDAC for the mito-
chondria) (Supplementary Figures 7B, 7C, and 7D),
demonstrating robust isolation of exosomes with minimal
contamination by proteins from other organelles. In addi-
tion, plasma-derived exosomes contained markers of adi-
pose tissue exosomes (ATGL and Plin-1) (Supplementary
Figure 7D).
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Insulin signal transduction in human skeletal
muscle myotubes and mouse hepatocytes. Human
skeletal muscle myocytes (Lonza) were induced to differen-
tiate to myotubes per the vendor’s instructions. Fully differ-
entiated myotubes were incubated with exosomes (1 x 10°
particles/mL) for 48 hours. Myotubes were then serum-
starved and treated with or without 100 nmol/L insulin. Af-
ter 15 minutes cells were lysed in ice-cold buffer (20 mmol/L
Tris-HCL [pH 7.5], 150 mmol/L NaCL, 1% Triton X-100, 60
mmol/L octyl B-d-glucopyranoside, 200 umol/L sodium
orthovanadate, 50 mmol/L. NaF, 1 mmol/L phenyl-
methylsulfonyl fluoride, and 1.0 ug/mL protease inhibitor
mix) and cleared lysates (10,000g for 10 minutes) assayed for
protein content using DC protein assay (Bio-Rad). Lysates (10
ug protein/lane) were resolved using sodium dodecyl sulfate
polyacrylamide gel electrophoresis and analyzed using
immunoblotting using antibodies from Cell Signaling Tech-
nology for phosphorylated AKT (pAKT Serine 473, Catalog
number 4060) and total AKT protein (Catalog number 4691).”

Primary hepatocytes were isolated from 8- to 10-week-old
C57BL/6 mice as described previously.10 Mice were infused
with a calcium- and magnesium-free Hank’s balance salt so-
lution containing 0.5 mmol/L ethylene glycol tetraacetic acid
via the inferior vena cava, followed by infusion with 1 mg/mL
of type IV collagenase (Sigma Aldrich, catalog number C5138)
dissolved in serum-free Dulbecco’s modified Eagle medium
(DMEM) supplemented with 1 mmol/L pyruvate. After the
appearance of cracking on the surface of the liver, the perfu-
sion was stopped immediately and the liver was excised and
cells from digested livers were teased out, suspended in
DMEM containing 10% fetal bovine serum and antibiotics,
filtered through a 100-mm cell strainer, and washed 3 times
using centrifugation at 50g for 5 minutes at 4°C. After the final
wash, the hepatocyte pellet was resuspended in DMEM con-
taining 10% fetal bovine serum and antibiotics and cultured
on collagen-coated plates at 37°C under 5% CO,. After 1 hour
of attachment, culture medium was refreshed and exosomes
(1 x 108 particles/ mL) were added for 48 hours. Hepatocytes
were then serum-starved and treated with or without 100
nmol/L insulin. After 15 minutes the cells were lysed, and the
lysates were resolved using sodium dodecyl sulfate
polyacrylamide gel electrophoresis and were analyzed using
immunoblotting, as described for myotubes.
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Supplementary Figure 1. Subject flow.



September 2021

A

|

¥H904 - B3Y_CDM5

SmISZON : 1525m_CO66S
rifaos - 16a6r covos

15
=
e !

. w et e
THASH0 - 155Th COLIc

i . 3 CO206+ CO1ce
1 i oK
1wk |
W 1 ; |
| B 1 pil=
w! 1 ] 0206+ COllc
1 | ! I k.
¢ 1 = < oAb
1 7 —
O

o w W w o 1 It
PRAG5DH - 196 Ciantanin WA146DI = 1464 CDE4

CD206- CD11c*
OB-NAFLD LEAN

CD206" CD11c*
LEAN

CD206* CD11c™
OB-NAFLD LEAN OB-NAFLD

(=

100

cbic
cDg
cD11b
cD11c
cD14
cD31
cD33
cD36
cp3s
cD64
cps6 |
cp123
cD141
cD163
cD206

Percent of max
o
o

Supplementary Figure 2. Characterization of ATM-related
populations within SAAT in 2 people who were OB-NAFLD
and 2 people who were lean, analyzed using mass cytom-
etry. (A) Macrophages were gated as live CD45" CD64"
CD66b- cells. Three populations were identified: CD206"
CD11c-, CD206" CD11¢c™, and CD206- CD11c*, which were
further analyzed for levels of surface marker expression (B).
(B) Heat map of surface markers (each column represents 1
subject) that were detected on either all or a subset of mac-
rophages and their relative expression on individual macro-
phage subsets (blue shading = expression levels relative to
row maximum; dark blue = maximum expression). Based on
this analysis, we classified SAAT macrophages into 2 sub-
sets: (1) CD206" CD11c™ macrophages; and (2) CD206™
CD11c™ macrophages. A third subset of CD64-positive cells
was also identified, but those cells were not categorized as
macrophages because they either did not express or
expressed very low levels of markers that are characteristic of
macrophage subsets (CD206, HLA-DR, CD9, and CD163).
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Supplementary Figure 3.Representative flow cytometric
analysis of macrophages, naive and memory T cells, and Th1
cells within the SVF isolated from SAAT from a LEAN, an
OB-NL, and an OB-NAFLD subject. (4) M1-like (CD11c") and
M2-like (CD11c¢'®) macrophages, after gating on CD206+
HLA-DR-+ cells. (B) Naive (CD45RA™ CD45R0O") and memory
(CD45RA™~ CD45RO™) CD4 (top) and CD8 (bottom) T cells,
after gating on CD3+ CD4+ and CD3+ CD8+ cells,
respectively. (C) IFN-y—producing Th1 cells, after gating on
CD3+ CD4+ cells, after a 5-h culture of SVF with PMA and
ionomycin. Numbers in gates and quadrants indicate the
frequency of the respective subset within the cell population.
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Supplementary Figure 5. (A) Absolute number and proportion of Th2 cells. (B) Percentage of total IL22-positive, IL22 single
positive (SP), IL22 and IL17 double-positive (DP), IL17 SP, TNF-a—positive and IL10-positive CD4 T cells and TNF-a—positive
and IL10-positive CD8 T cells following 5-h in vitro stimulation with phorbol ester and ionomycin in SAAT from LEAN, OB-NL,
and OB-NAFLD subjects. Values are mean + SEM. *Value significantly different from the LEAN value; P < .05. #Linear trend;
P < .05.
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Supplementary Figure 6. Relationship between skeletal muscle insulin sensitivity, assessed as glucose rate of disposal (Rd,
in nmol/kg fat-free mass/min) divided by plasma insulin (I) concentration (in uU/mL) during a hyperinsulinemic-euglycemic

clamp procedure, and selected proinflammatory T-cell subsets in LEAN (black circles), OB-NL (grey circles), and OB-
NAFLD (white circles) participants.

A B C D
Plasma exosome concentration (10° particles/mL) Plasma Adipose tissue Plasma
SubjectlD 1 2 Exo tissue OB-NL  OB-NAFLD
2.0 50 - — P i U L 0.
== LEAN Synt —_— = ————
| { - oBNAFLD yntenin [ cos3 [ = S wo. [ =D
ol } o =
h
sl 3 30 # CD63 flswe” el cavi [ | Pint | =
% o1y '
h v 204 ) HSP90 | —= ==+ - KIHE
L] —— "
os{f i\ o oy —
' Al
- "n S | ' :--.. : . Calnexin Lamin A/C .!._
"0 200 400 600 O 200 400 600 VDAC K | voac| |
size (nM) size (nM)

Supplementary Figure 7. Characterization of exosomes isolated from plasma and SAAT. (A) Mean particle count and size
distribution of plasma exosomes isolated from LEAN (n = 9), OB-NL (n = 8), and OB-NAFLD (n = 7) participants (error bars
omitted for clarity). (B) Representative immunoblots demonstrating presence of markers of plasma exosomes (Syntenin, Alix,
CD63, HSP90, Caveolin1 [Cav1]) and absence of markers of other organelles (Calnexin for the ER and VDAC for the mito-
chondria) in plasma samples of 2 subjects. (C) Representative immunoblots demonstrating presence of markers of AT exo-
somes (Exo) (CD63, HSP90, and Cav1) and absence of markers of other organelles (Calnexin for the ER, Lamin A/C for the
nuclei, and VDAC for the mitochondria) in AT-derived exosomes and presence of all markers in AT lysate, obtained from a
subcutaneous abdominal AT explant culture from 1 subject. (D) Representative immunoblots demonstrating presence of AT

markers (ATGL and Perilipin-1 [Plin-1]) and Alix, a general exosome marker, in plasma-derived samples from 3 OB-NL and 3
OB-NAFLD subjects.
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Supplementary Figure 8. Gating strategy for analysis of immune cells using flow cytometry within the SVF isolated from
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CD4 and CD8 T cells. (C) Gating strategy for macrophages, neutrophils, eosinophils, monocytes, classical dendritic cell (cDC),
and mast cells.
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Supplementary Table 1.Body Composition and Metabolic Characteristics of Participants Included in the Plasma Exosome

Analysis
LEAN (n = 9) OB-NL (n = 8) OB-NAFLD (n = 7)

Age (v) 36 +3 39+3 38 +4
BMI (kg/m?) 22.8+0.5 36.2 + 1.27 41.8 + 1.6%°
Body fat (%) 29.8 +1.9 49.2 +1.8° 50.0 + 1.8%
IHTG content (%) 1.7 +0.2 25+03° 25.4 + 2.6°°
IAAT volume (cm°) 420 + 70 837 + 907 2686 + 282"
SAAT volume (cm®) 937 + 129 3462 + 3147 4132 + 5627
Alanine aminotransferase (U/L) 14 +2 16 + 1 64 + 267
Aspartate aminotransferase (U/L) 15+ 2 16 + 1 38 + 112°
Fasting triglyceride (mg/dL) 60 +5 60 +5 151 + 179
HbA1c (%) 5.0 + 0.1 5.0+ 0.1 5.7 + 0.2%°
Fasting insulin (uU/mL) 46+ 04 7.7 + 0.6 371 £ 7.27°
Fasting glucose (mg/dL) 86 + 2 87 + 1 100 + 5%
Glucose at 2 h of OGTT (mg/dL) 97 + 7 108 + 5 174 + 72°
HISI (71000/[umol/kg FFM/min] x [uU/mL]) 11.7 £ 1.1 7.3 + 047 2.0 + 0.2%°
Glucose Rd/insulin (nmol/kg FFM/min)/(uU/mL) 798 + 74 530 + 71° 142 + 167"

NOTE. Data are expressed as mean + SEM.

2P < .05 value significantly different from the corresponding value in the LEAN group.
bp < 05 value significantly different from the corresponding value in the OB-NL group.

Supplementary Table 2.Body Composition and Metabolic Characteristics of Participants Included in the SAAT Exosome

Analysis
OB-NL (n =9) OB-NAFLD (n = 6) P value
Age () 43 +3 46 + 4 64
BMI (kg/m?) 40.1 £ 2.4 435 + 4.7 49
Body fat (%) 47.7 + 2.6 46.3 + 1.8 .70
IHTG content (%) 26 +04 18.0 + 3.6 <.01
Alanine aminotransferase (U/L) 18 +2 21+2 .29
Aspartate aminotransferase (U/L) 18 + 1 19 +1 .69
Fasting TG (mg/dL) 83+9 210 £ 55 .01
HbA1c (%) 5.3 +0.1 58 +0.2 .02
Fasting insulin (uU/mL) 129+ 1.8 256 +5.9 .03
Fasting glucose (mg/dL) 88 + 1 103 + 2 <.01
Glucose at 2 h of OGTT (mg/dL) 110 £ 5 173 +7 <.01
HISI (71000/[umol/kg FFM/min] x [uU/mL]) 5.7 +0.9 3.4 +0.7 .09
Glucose Rd/insulin (nmol/kg FFM/min)/(uU/mL) 441 + 42 229 + 37 <.01

NOTE. Data are expressed as mean + SEM.
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Supplementary Table 3.Antibodies Used for Mass
Cytometric Macrophage Analysis

Label Target Clone Manufacturer
089Y CD45 HI30 Fluidigm
145Nd CD31 WM59 Fluidigm
146Nd CD64 10.1 Fluidigm
151Eu CD123 6H6 Fluidigm
154Sm CD163 GHI/61 Fluidigm
155Gd CD36 5-271 Fluidigm
156Gd CD86 IT2.2 Fluidigm
159Tb CD11c Bu15 Fluidigm
160Gd CD14 M5E2 Fluidigm
165Ho CD16 3G8 Fluidigm
166Er CD141 M80 Fluidigm
167Er CD38 HIT2 Fluidigm
168Er CD206 (MMR) 15-2 Fluidigm
169Tm CD1c L161 Biolegend,
Immunomonitoring
Laboratory
171Yb CD9 SN4 C3-3A2 Fluidigm
173Yb CD33 P67.6 BD, Immunomonitoring
Laboratory
174Yb HLA-DR L243 Fluidigm

209Bi CD11b ICRF44 Fluidigm
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Supplementary Table 4.Antibodies Used for Flow Cytometric Immune Cell Analysis

Gastroenterology Vol. 161, No. 3

Antibody Source Identifier (catalog number)
Panel 1: myeloid cells
CD45-Alexa700, clone HI30 Biolegend 304024
HLA-DR-PE, clone L243 Biolegend 307606
CD14-Brilliant Violet 421, clone HCD14 Biolegend 325628
CD16-FITC, clone 3G8 Biolegend 302006
CD206-APC/Cy7, clone 15-2 Biolegend 321119
CD11c-PE/Cy7, clone Bu15 Biolegend 337216
CD1c-PerCP/Cy5.5, clone L161 Biolegend 331514
EMR1-Alexa Fluor 647, clone A10 Bio-Rad (Serotec) MCA2674A647
CD86-Brilliant Violet 605, clone 1T2.2 Biolegend 305430
CD123-PE/Dazzle 594, clone 6H6 Biolegend 306034
Zombie-Aqua fixable live/dead dye Biolegend 423101
Panel 2: lymphocytes
CD45-Alexa700, clone HI30 Biolegend 304024
CD3-PerCP/Cy5.5, clone HIT3a Biolegend 300328
CD4-PE/Cy7, clone OKT4 Biolegend 317414
CD8-FITC, clone HIT8a Biolegend 300906
CD56-PE/Dazzle 594, clone HCD56 Biolegend 318348
CD69-Pacific Blue, clone FN50 Biolegend 310920
CD19-PE, clone HIB19 Biolegend 302208
HLA-DR-APC/Fire 750, clone L243 Biolegend 307658
Zombie-Aqua fixable live/dead dye Biolegend 423101
Panel 3: memory/naive T cells, Th1/2/17 cells
CD45-Alexa700, clone HI30 Biolegend 304024
CD3-PerCP/Cy5.5, clone HIT3a Biolegend 300328
CD4-PE/Cy7, clone OKT4 Biolegend 317414
CD8-PE/Dazzle 594, clone RPA-T8 Biolegend 301057
CRTH2-PE, clone BM16 Biolegend 350106
CXCRB3-FITC, clone G025H7 Biolegend 353704
CCR4-APC, clone L291H4 Biolegend 359408
CCR6-Brilliant Violet 605, clone GO34E3 Biolegend 353420
CD45RA-APC/Cy7, clone HI100 Biolegend 304127
CD45RO0-Birilliant Violet 421, clone UCHLA1 Biolegend 304224
Zombie-Aqua fixable live/dead dye Biolegend 423101
Panel 4: intracellular cytokine staining
CD45-Alexa700, clone HI30 Biolegend 304024
CD3-PerCP/Cy5.5, clone HIT3a Biolegend 300328
CD4-PE/Cy7, clone OKT4 Biolegend 317414
CD8-FITC, clone HIT8a Biolegend 300906
CD56-PE/Dazzle 594, clone HCD56 Biolegend 318348
IFN-v-Brilliant Violet 421, clone 4S.B3 Biolegend 502532
TNF-a-APC/Cy7, clone Mab11 Biolegend 502944
IL22-PE, clone BG/IL22 (replacement: clone 22URTI) Biolegend, eBioscience 515303
12-7229-42
IL17A-Brilliant Violet 605, clone BL168 Biolegend 512326
IL10-Alexa Fluor 647, clone JES3-9D7 Biolegend 501412
Zombie-Aqua fixable live/dead dye Biolegend 423101
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Supplementary Table 5.Gating Strategy for Flow Cytometric Immune Cell Analysis

Subset Surface markers used for identification
B cells SSC° cD3~ CD19+
CD4 T cells SSC'° CD19~ CD3* CD4" CD8”
CD8 T cells SSC cD19~ CD3* CD4~ CD8*
NK cells SSC'° CD19™ CD3™ CD56™

Naive CD4 T cells
Memory CD4 T cells
Naive CD8 T cells
Memory CD8 T cells

SSC'° CD3" CD4" CD8™ CD45RA* CD45RO~
SSC'° CD3" CD4" CD8™ CD45RA™ CD45R0O™"
SSC'° CD3" CD4~ CD8" CD45RA* CD45RO™
SSC'° CD3" CD4~ CD8" CD45RA™ CD45R0O™"

Th1 cells SSC° CD3* CD4* CD8™ CD45RO™ CXCR3"™ CCR4™ CCR6~
Th2 cells SSC'° CD3* CD4* CD8™ CD45RO™ CXCR3™ CCR4" CCR6™
Th17 cells SSC° CD3* CD4* CD8™ CD45RO™ CXCR3™ CCR4™* CCR6™
Mast cells CD123" HLA-DR™

Macrophages

M1-like macrophages
M2-like macrophages
Neutrophils
Eosinophils
Monocytes

Classical (myeloid) DCs

CD206" HLA-DR*

CD206" HLA-DR* CD11cM

CD206" HLA-DR* CD11c®

CD206~ CD16" SSCM

CD206~ CD16™° EMR1+

CD206™ HLA-DR* CD11¢c* CD14* CD1c”
CD206™ HLA-DR* CD11c* CD14~ CD1c*

NOTE. Cells were initially gated on live (Aqua’), single (FSC-area vs -width and SSC-area vs. -width), CD45" cells.

FSC, forward scatter; SSC, side scatter.



