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SUMMARY

Adipose tissue inflammation drives obesity-related cardiometabolic diseases.
Enhancing endogenous resolution mechanisms through administration of lipoxin
A,, a specialized pro-resolving lipid mediator, was shown to reduce adipose inflam-
mation and subsequently protects against obesity-induced systemic disease in mice.
Here, we demonstrate that lipoxins reduce inflammation in 3D-cultured human ad-
ipocytes and adipose tissue explants from obese patients. Approximately 50% of
patients responded particularly well to lipoxins by reducing inflammatory cytokines
and promoting an anti-inflammatory M2 macrophage phenotype. Responding pa-
tients were characterized by elevated systemic levels of C-reactive protein, which
causes inflammation in cultured human adipocytes. Responders appeared more
prone to producing anti-inflammatory oxylipins and displayed elevated prosta-
glandin D2 levels, which has been interlinked with transcription of lipoxin-gener-
ating enzymes. Using explant cultures, this study provides the first proof-of-concept
evidence supporting the therapeutic potential of lipoxins in reducing human adi-
pose tissue inflammation. Our data further indicate that lipoxin treatment may
require a tailored personalized-medicine approach.

INTRODUCTION

Obesity-related cardiometabolic diseases are fueled by adipose tissue and low-grade systemic inflamma-
tion (Bérgeson and Sharma, 2013; Henning, 2021). Drugs targeting pro-inflammatory pathways have there-
fore been suggested as a therapeutic strategy to reduce cardiometabolic pathophysiology (Donath et al.,
2013). Clinical trials have demonstrated the promising potential of this approach (Nidorf et al., 2020; Ridker
etal, 2017; Stanley et al., 2011; Tardif et al., 2019). However, traditional anti-inflammatory therapies may
have serious side effects, such as increased susceptibility to infections. Therefore, specialized pro-resolving
mediators (SPMs) that enhance endogenous resolution mechanisms were suggested as an alternative strat-
egy (Panigrahy et al., 2021; Serhan and Levy, 2018).

Endogenously produced SPMs regulate the active process of inflammatory resolution (Serhan and Levy,
2018). SPMs include w-6 arachidonic acid-derived lipoxins, and w-3 eicosapentaenoic and docosahexae-
noic acid-derived resolvins, protectins and maresins (Serhan et al., 2020). Mechanistically, SPMs initiate
the resolution of inflammation by halting neutrophil recruitment and reducing pro-inflammatory cytokines,
while promoting recruitment of nonphlogistic monocytes, an M1-to-M2 macrophage phenotype switch,
and the removal of dead cells (efferocytosis) (Godson et al., 2000; Panigrahy et al., 2021). SPMs may also
terminate the inflammatory response by promoting immune cell egression through the lymphatics (Kraft
et al.,, 2021). Interestingly, obese individuals may have an impaired ability to resolve low-grade inflamma-
tion due to an imbalance of SPMs and pro-inflammatory factors (Lopez-Vicario et al., 2019).

We previously demonstrated that lipoxins reduce adipose inflammation and obesity-induced organ injury
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Lipoxin B4 (LXBg). On cultured mouse adipocytes, LXA, promoted glucose uptake, attenuated pro-inflam-
matory cytokines, and stimulated other anti-inflammatory mediators (Borgeson et al., 2012). LXA4 also pre-
vented obesity-induced diabetes and organ injury in mice by promoting an M1-to-M2 macrophage pheno-
type switch, attenuating adipose tissue inflammation, and subsequent disease development in an
adiponectin-independent manner (Borgeson et al., 2015). Effects of LXB4 are mostly unknown and remain
to be elucidated. Although SPMs are readily detectable in human adipose tissue (Claria et al., 2013), it is still
not known whether lipoxin administration could reduce adipose tissue inflammation in humans.

Here, we translate our previous findings to human pathophysiology and investigate the therapeutic poten-
tial of lipoxins in reducing human adipose tissue inflammation. We use patient-specific explants from
obese patients, as well as 2D- and 3D human adipocyte cell culture models to investigate lipoxin-mediated
effects on inflammatory resolution.

RESULTS

Lipoxins require a 3D environment to robustly attenuate inflammation in cultured human
adipocytes

We compared lipoxin-mediated effects in differentiated adipocytes cultured in 2D- and 3D models (Fig-
ure 1A). Cells obtained from adipose tissue of obese patients (body mass index (BMI) > 30 kg/m?) under-
going abdominoplasty surgery were used for 2D- and 3D membrane mature adipocyte aggregate culture
(MAAC) cell culture. We also used the human unilocular vascularized adipocyte spheroid (HUVAS) 3D cul-
ture spheroid system (loannidou et al., 2021) with commercially available primary human stromovascular
cells.

Lipoxin-mediated effects were mild or absent in adipocytes grown in 2D cultures, where we only observed
an attenuation of interleukin (IL)-6 levels following LXB, treatment (Figure 1B). Adipocytes isolated from the
same donor but cultured in the 3D MAAC model showed lipoxin-induced reductions in the expression of
pro-inflammatory cytokines, including IL-8, IL-6, TNF-a, and IL-1B (Figure 1C). The 3D HUVAS spheroids
showed the strongest lipoxin-mediated effects, with both lipoxins decreasing all screened inflammatory
cytokines (Figure 1D).

In summary, both lipoxins were able to robustly reduce inflammation in 3D cultures, while lipoxin-mediated
effects were mild or absent in 2D-cultured adipocytes.

Lipoxins reduce obesity-related inflammation in human adipose tissue explants from patients
with elevated CRP levels

Next, we wondered if lipoxins could attenuate adipose tissue inflammation in a model that better reflects
the patient’s intact adipose tissue. Instead of isolating cells for subsequent cell culture, we used adipose
tissue explants from obese gastric bypass patients (BMI >40, or BMI >35 with >1 co-morbidity). The
explant cultures were restricted to 6 h (Figure 2A), which limits the occurrence of hypoxia (Bérgeson
et al., 2012). Subsequently, expression levels of inflammatory and resolving markers were measured.

Lipoxins affected inflammatory and pro-resolving pathways differently in two patient subgroups, which
were subsequently referred to as non-responders and responders. Briefly, ~50% of patients responded
to lipoxin treatment, which was determined as a significant upregulation of the lipoxin-regulated M2
macrophage marker CD206 (Borgeson et al.,, 2015). Screening of clinical parameters revealed that re-
sponders also exhibited elevated levels of C-reactive protein (CRP). Therefore, the clinically relatable
cut-off criteria for elevated CRP of >5 mg/L was used to separate responders and non-responders, as
opposed to CD206 levels which is not typically available in the clinic (see STAR Methods). Besides elevated
CRP, both groups had comparable clinical phenotypes, showing no difference in age or adiposity (Table 1).

Metabolic disorders change the number and phenotype of macrophages in peripheral organs, including
adipose tissues. The accumulation of macrophages correlates with tissue inflammation and fibrosis,
contributing to the disease progression (Olefsky and Glass, 2010). LXA, protects against metabolic disease
in rodents by reducing TNF-o. and promoting an M1-to-M2 macrophage phenotype switch (Borgeson et al.,
2015). Thus, we investigated levels of anti-inflammatory (CD206, CD163) and pro-inflammatory (CD11c¢)
macrophages in adipose explants from responders and non-responders. In responders, both lipoxins
increased MRCT1 (coding for CD206) and CD163 mRNA levels (Figures 2B and 2C), suggesting an active
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Figure 1. Lipoxins require a 3D environment to robustly attenuate inflammation

(A) Schematic illustration of the 2D- and 3D cell culture models. Scale bar = 200 pm.

(B-D) Levels of pro-inflammatory cytokines in the supernatant of human 2D-cultured adipocytes (B), MAAC 3D cultures (C), and 3D spheroids (D) treated with
vehicle, LXAy, or LXB,4. Controls are set to 100% (dashed line). Statistical analysis was determined using ANOVA with the least significant difference post-hoc
comparison test. Data are presented as mean + SEM. *p < 0.05, **p < 0.01. n = 3.

switch toward a pro-resolving M2 macrophage phenotype. No difference in M1 macrophage ITGAX (cod-
ing for CD11c¢) expression was observed in either of the patient subgroups (Figure 2D). These findings were
corroborated in stained sections of lipoxin-treated adipose tissue explants, showing unaltered numbers of
CD68"CD11c* M1 macrophages, while amounts of CD68"CD206" M2 macrophages increased, albeit only
in responders treated with LXBy (Figures 2E and 2F). The relatively brief incubation time of 6 h during ex vivo
cultures may account for the observed difference between treated human adipose tissues and our previous

iScience 25, 104602, July 15, 2022 3



¢? CellPress

OPEN ACCESS

— ‘

iScience

Adipose explant culture

6 hours

Vehicle

e

]

A
B
& 3007 * *
$3
¥ S 2004
55,
o
E’ 8 100 lj'
- -
©
L
O o T T T T
LXA,; LXB, LXA, LXB,
Non-responders Responders
E

I
]
2

2004

a
2

=,
S

L

IL10 mRNA
Change over vehicle (%)

=

[
|

f

LXA,

LXB,

LXA, LXB,

Non-responders

Responders

J
£
»ggmo-
S o
QG
%%100 i | Ii] =
= Bl =
c¢
% S 504
55
=
56 o : r r T
] LXA, LXB, LXA, LXB,
Non-responders Responders

Cc D
*%* —~ 250+
<300, a\izso
Pt * << @ 200
59 58
DE: § 2007 QE: < 150-
2t/ x5, BH o
o o
ST N E— EL N ==
o2 = 2 50
© ©
S &=
o : . : : O o ; T T T
LXA, LXB, LXA, LXB, LXA, LXB, LXA, LXB,
Non-responders ~ Responders non-responders responders
F
- =
2 600 2 600+
T O o Q
80 © 9o *
+ = o 5
8T 400 B 400
ac 5
28 g ==
o © © o
25 200 S @ 200
55 [l ms 5f AT
S¢g 95
< .=
@] 0 T T T T (@] 0 T i T
LXA, LXB, LXA, LXB, LXA, LXB, LXA, LXB,

Supernatant TNF-o
Change over vehicle (%)

Supernatant leptin

Non-responders Responders

@
id

IS,
S

Non-responders Responders

)
3
2

*kk k%

I
S

o
i

=

_L =l

o
S

o
S

— @ LT
= B=In

Supernatant IL-6
Change over vehicle (%,

LXA, LXB,

=

LXA, LXB, LXA, LXB, LXA, LXB,

Non-responders

N
o
S

3004

IS
S

Responders Non-responders Responders

e
3
b

400+

Change over vehicle (%)
N
S
8

B =

=

LXA, LXB,

FPR2 mRNA
Change over vehicle (%)
g8 € 8

LXA, LXB, LXA, LXB, LXA, LXB,

Non-responders

Responders Non-responders Responders

Figure 2. Lipoxins reduce obesity-related inflammation in human adipose tissue explants from patients with elevated CRP levels

(A) Schematic illustration of the experimental approach, where adipose tissue explants from patients were treated with vehicle, LXA, or LXB, for 6 h, after
which the tissue mRNA and supernatant cytokine levels were analyzed and immunohistochemistry was performed.

(B-F) Macrophage markers were quantified by mRNA expression (B-D: M2 markers MRC1, CD163, and M1 marker ITGAX) and immunofluorescence co-
localization (E-F: CDé8 pan-marker, CD11c M1 marker, and CD206 M2 marker). (E) CDé8: green in overlay, CD11c: red in overlay, CD206: blue in overlay,
DAPI: white in overlay. Arrow highlights CD206",CD68" (M2) macrophages, arrowhead highlights CD11c",CDé8" (M1) macrophages. Scalebar = 20um.
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Figure 2. Continued

(G-K) Cytokine and adipokine expression. G: Interleukin (IL)-10 mRNA, H-K: Supernatant levels of TNF-a, IL-6, adiponectin and leptin.

(L) mRNA expression of the LXA4 receptor FPR2. Dashed line represents the patients’ individual baseline expression set to 100%, in non-responder and
responder groups, respectively. Statistical analysis was done by Kruskal-Wallis test with Dunn’s post-hoc comparison. Data are presented as mean + SEM.
*p < 0.05, **p < 0.01, ***p < 0.001. Figure relates to Figures ST and S3.

studies in mice (Bérgeson et al., 2015). Lipoxins did not affect adipose tissue expression of T cell markers
CD4, CD8, and CD69 (Figure S1A). We also quantified cytokine and adipokine levels to characterize the
donor's functional response. In the responder cohort, LXA, treatment increased expression of the anti-in-
flammatory cytokine IL-10 mRNA (Figure 2G). Lipoxin treatment decreased levels of pro-inflammatory TNF-
o and IL-6, although the latter was only seen with LXB, (Figures 2H and 2I). LXA4-mediated protection
against obesity-related pathophysiology is independent of adiponectin in mice (Bérgeson et al., 2015).
This finding is consistent in humans, as neither lipoxin altered levels of adiponectin or leptin (Figures 2J
and 2K).

We tested if differences between the patient subgroups were related to altered SPM receptor expression,
focusing on the LXA, receptor FPR2/ALX (Perretti and Godson, 2020). Baseline expression of FPR2/ALX in
adipose tissues collected during surgery did not differ significantly between responders and non-re-
sponders. However, LXA, treatment significantly increased FPR2/ALX levels in explants of responders
only (Figure 2L). No significant effect on FPR2/ALX levels was seen with LXB,. FPR2/ALX localization was
also unaltered (Figure S1B).

Importantly, baseline levels of all investigated marker proteins in vehicle-treated adipose tissue explants
were similar between responders and non-responders (Figure S3). Only the response to lipoxin treatment
differentiated the groups.

Lipoxin responders are characterized by altered inflammatory and adipose tissue lipid
profiles

CRP originates from the liver and other cells, including adipocytes (Chen et al., 2020). However, elevated
CRP levels in responders were primarily derived from the liver, as CRP expression was low in omental white
adipose tissue (Figure 3A). Patient plasma CRP levels correlated with their responsiveness to lipoxin treat-
ment, as determined by altered CD206 gene expression in lipoxin-treated adipose tissue explants (Fig-
ure 3B). Importantly, responders and non-responders displayed comparable levels of traditional markers
of systemic inflammation as evidenced by multiplex screening of inflammatory plasma proteins, despite
the altered CRP levels (Figure 3C and Table S1).

Next, we wondered whether there are transcriptional differences between adipose tissues of responders
versus non-responders. Analysis of sex-matched transcriptomes using RNA-Seq between these two groups
resulted in 11 significantly differentially expressed genes with a log; fold change of at least 0.5 (Figure 3D).
The list includes several genes associated with altered inflammatory state or metabolic syndrome, such as
an interleukin-2 receptor subunit (IL2RA) or casein alpha s1 (CSN1S1).

We hypothesized that elevated CRP levels in responders may trigger inflammation in adipose tissues.
Indeed, treating human adipocytes with 10 ng/mL CRP increased levels of pro-inflammatory cytokines
IL-1B, IL-8, and IL-6, while not affecting adiponectin (Figure 3E).

We also performed a targeted oxylipin screen on fat biopsies to gain insights into the lipidome environ-
ment of responders vs. non-responders. Responders had elevated levels of adipose tissue thromboxane
B2 (TXB2), 12(13)-EpODE, and prostaglandin D2 (PGD2), while showing reduced levels of 9(10)- and
15(16)-DiHODE or the related 9(10)-DiHOME (Figure 3F). We also found reduced diol/epoxide ratios in re-
sponders, which support decreased turnover and activity of soluble epoxide hydrolase (sEH) (Figures 3G
and 3H). Responders were also characterized by higher PGD2 (Figure 3F).

DISCUSSION

Adipose tissue inflammation is a known driver of obesity-related cardiometabolic diseases (Bérgeson and
Sharma, 2013; Henning, 2021). Administration of specialized lipid mediators, such as the lipoxins, which
resolve inflammation and alleviate associated cardiometabolic diseases have thus been proposed as a
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Table 1. Cohort characteristics and clinical parameters.

Controls vs Controls vs Non-responders
Non- non-responders responders vs responders
Category Variable Controls responders Responders  p value p value p value
Cohort Sex 12%/3 8 59/238 79138 N/A N/A N/A
characteristics  Age, years 41.0 (32.0-51.0) 47.0 (32.0-48.5) 40.5 (30.8-55.0) 0.828 0.925 0.911
Caucasian/White 15/15 7/7 8/8 N/A N/A N/A
ethnicity
Adiposity BMI, kg/m? 22.7 (21.1-23.5) 39.9(38.2-40.8) 40.1(38.3-41.7) p <0.001 p < 0.001 0.814
Weight, kg 63.0 (58.6-65.1) 130.0 (123.4-  116.6(99.3- p < 0.001 0.001 0.347
130.4) 122.7)
Sagittal height, cm  17.5 (16.0-18.8) 26.5(25.8-28.2) 27.2(26.0-28.0) p <0.001 p < 0.001 0.976
Waist 77.0(73.2-87.5) 122.0 (111.0- 116.5(110.2— p < 0.001 p < 0.001 0.906
circumference, 129.2) 125.1)
cm
Waist-to-height ~ 47.6 (44.0-50.1) 66.7 (64.5-72.0) 70.9 (65.9-74.1) 0.001 p < 0.001 0.597
ratio, %
Fasting glucose, 5.5(5.0-6.1) 6.4 (6.2-6.4) 6.1(5.7-6.7) 0.013 0.065 0.522
mmol/L
Inflammation White blood 4.9 (4.5-5.5) 4.9 (4.3-5.4) 5.8 (4.6-6.9) 0.804 0.230 0.217
cells, x107/L
C-reactive protein, 1.0%(1.0-1.0) 3.0 (1.0-3.5) 7.0 (6.0-12.2) 0.175 p < 0.001 0.006
mg/L
Liver function  ALT, pkat/L 0.3(0.3-0.3) 0.8 (0.6-0.9) 1.0 (0.9-1.8) 0.007 p < 0.001 0.204
AST, pkat/L 0.3(0.3-0.4) 0.5 (0.4-0.5) 0.8 (0.7-1.0) 0.052 p < 0.001 0.082
ALP, pkat/L 0.8 (0.7-1.1) 1.2(1.0-1.5) 1.3(1.0-1.6) 0.051 0.048 0.956
Hypertension Diastolic blood 74.0 (67.5-82.0) 80.0 (80.0-83.0) 77.0 (71.5- 0.118 0.558 0.375
pressure, mmHg 82.0)
Systolic blood 119.0 (114.0-129.0) 128.0 (120.0- 125.0 (118.5- 0.194 0.263 0.840
pressure, mmHg 136.5) 139.2)
Heart rate, beats/  68.0 (64.0-71.5) 79.0 (69.0-82.5) 72.0 (66.0- 0.122 0.131 0.930
min 100.2)
Hyperlipidemia Cholesterol, 4.5 (3.8-6.0) 3.5(3.2-3.8) 3.5(2.9-3.7) 0.020 0.012 0.936
mmol/L
Triglycerides, 0.7 (0.6-1.0) 1.1(1.0-1.1) 0.9 (0.8-1.1) 0.049 0.159 0.580
mmol/L
HDL cholesterol, 1.9 (1.6-2.0) 0.9 (0.9-1.0) 1.1(0.9-1.2) p < 0.001 0.001 0.762
mmol/L
LDL cholesterol, 2.8 (2.0-3.7) 2.2 (2.0-2.6) 1.8 (1.7-2.1) 0.301 0.033 0.372
mmol/L
Medications Hypertension 0/15 2/7 3/8 0.091 0.032 >0.999
medication, n
Diabetes 0/15 0/7 2/8 >0.999 0.111 0.467
medication, n
Lipid lowering 0/15 177 1/8 0.318 0.348 >0.999

medication, n

Data are presented as the median and interquartile range (25-75%). * Asterisk indicates that levels of C-reactive protein in healthy control individuals fall below
the limit of detection and are reported as 1.0 mg/L. p values for continuous variables were calculated using Kruskal-Wallis test with Dunn’s post-hoc comparisons.

p values for categorical variables were calculated using Fishers's exact test. Abbreviations: BMI, Body mass index; ALT, Alanine aminotransferase; AST, Aspartate
transaminase; ALP, Alkaline Phosphatase; HDL, High-density lipoprotein; LDL, Low-density lipoprotein.

6 iScience 25, 104602, July 15, 2022



iScience

¢? CellPress

OPEN ACCESS

A Cc | | D
= **
.% 60000 | Non-
2 Controls responders Responders cD72
S 40000 <
<3 &2 IGFCC4 _ ==I12RA
E 2 2000 TTLL7 Y )~ VENTX
) 20 FCN2 - GNLY
X o = — STOX1
o5 2 o INHBB
T o = 1.5 csnis1 o+ ©
5 QLF_T—.#_Lf > © .. NAPSB
2 S 10 o ©
~ Non- Responders Non-  Responders S e .
responders responders oo o
05 f'.o_ X
Liver OWAT si ’ ° 2
B I B LAP TGF-beta-1
LXA,4 responsivness LXB, responsivness [ I MIP-1 alpha
EESH TP —C 6 4 2 0 2 4 6
15
[ M log2 fold change
N g o H )
5 10 S5 | R TNFSF14 Upregulated in
g > = > (@) Responders
a2 E 5 ] E Q Downregulated in
a 4= 06975 a’ = 0.8236 Z-score Responders
p=0.0430 p=0.0094
R S S r N 5 s R |
LXA4-induced LXBy4-induced L o =
CD206 expression CD206 expression 3 &
E
750 *%* 800 * 0.35 * £ 8000
4+ = + 3
@® @ -
4 700 ee 4 I oa §_ 6000 .
=~ b= . == 5=
ngsso ) %EGOO ggozs 8 E 400 : =
®© i ) ad 1~
ce . ggwo g g ¢ g2
5 = =
S e00 S i qg)- 0.20 : S 2000
n 2] 17} 2
=3
550 300 . 0.15 (2] [ a
Vehicle CRP Vehicle CRP Vehicle CRP Vehicle CRP
F °
- L] =
< < A
9_10-DiHOME i
apl 9_10-DIHODE L Elevated in
non-responders
Q% 15_16-DIHODE ®
—~ [ J ) o ®
Q 5 o o P o oe% o o'. @ Log, FC<1.0,p>0.05
a B — Pt WU L Ao s Smseame 4T, | o ® Log, FC> 1.0, p>0.05
[=)] ® ® o° (_J ° @
S 2° P .‘Q,." e ® ° _ = = @® Log, FC>1.0, p<0.05
® °
° Y :
W ® o ) X e Elevated in
S84 oo 12(13)-EpODE responders
4 " .
TXB2 \ 4
T - Ly
) °
G H Arachidonic Acid a-Linolenic acid
w
= g / \ Cs h P450
3 s 15
i * 2 * oo% F K] |
= Il !
e s = | l epoxy-lipid @
N " % &5 10 PGH2 “‘ Lipoxins 9(10)-EpOME 9(10)-EpODE
=8 o8 > 12(13)- EPOME 12(13)-EpODE
UEJ ® 4 UEJ ® /\ ,l' (&) e Esome
5 ] /
2 2 o] 6(%2 E%Z - i [eer ] l
a a +) +) i 9(10)-DIHODE
7 T (10)-DIHOME 12(13)DIHODE
= 0 T T 2 0 T T 12(13)-DIHOME 12&!5;—D;HODE
& Non-  Responders =3 Non-  Responders
responders responders

iScience 25, 104602, July 15, 2022



¢? CellPress iScience
OPEN ACCESS

Figure 3. Lipoxin responders are characterized by altered inflammatory and adipose tissue lipid profiles

(A) CRP mRNA levels in liver (left panel) and omental white adipose tissue (0WAT) (right panel) in responders and non-responders.

(B) Spearman’s correlation between patients’ plasma CRP levels and responsiveness to lipoxin treatment, determined as altered CD206 gene expression in
lipoxin-treated adipose tissue explants.

(C) Hierarchical clustering of significantly altered inflammatory plasma markers identified via Olink multiplexed protein arrays in healthy individuals,
responders, and non-responders.

(D) Transcriptome comparison of mRNAs in omental white adipose tissues from responders versus non-responders. Highlighted are significantly
differentially expressed genes that were downregulated (blue) or upregulated in female patients of the responder group compared with non-responder
group. Data are shown as log, fold change in gene expression, vs —logio FDR adjusted p values. (E) Levels of secreted pro-inflammatory cytokines and
adiponectin in adipocyte cultures treated with vehicle or CRP (10 ng/mL).

(F) Targeted lipidomics of omental adipose tissue to assess oxylipin levels. Lipids shown in blue retained statistical significance besides having a log, fold
change value greater than one, whereas lipids represented in pink did not retain statistical significance.

(G) Diol/epoxide ratios as a measure of soluble epoxy hydrolase (sEH) activity.

(H) Schematic outline of relevant lipid pathways and characteristic changes in responders (in red). Statistical analysis was determined by Mann-Whitney U test
and p values from transcriptome differential gene expression analysis were FDR corrected for multiple comparisons. Data are presented as mean + SEM.
*p < 0.05, **p < 0.01. Figure relates to Table S1.

therapeutic approach. Here, we investigated how lipoxins affect human adipocytes grown in culture and in
patient-specific adipose tissue explants.

We first tested the effects of prolonged lipoxin treatment using three culture models of differentiated primary
human adipocytes in vitro. It is debated which method is most suitable for the culture of adipocytes (Ravi
etal., 2015). 2D cultures of differentiated adipocytes are widely adopted, although these cells differ from mature
adipocytes in vivo, being smaller in size and lacking a unilocular lipid droplet. This has led to the development of
other culture methods, such as the MAAC (Harms et al., 2019) or the HUVAS (loannidou et al., 2021) models.
These 3D culture systems allow isolated adipocytes to either maintain or form a large unilocular lipid droplet
in a physiological manner. Our data show that LXA, and LXBy significantly reduce inflammation in 3D-cultured
MAAC and spheroid systems, while 2D-cultured adipocytes showed little responsiveness to the SPMs in our
hands. The discrepancy between models may be reflective of biological deficiencies in the 2D cell culture, where
important aspects of the adipocyte morphology and differentiation cues are missing. Indeed, the 2D adipocyte
model requires additional growth factors to drive differentiation, which may result in a variability in differentiation
efficiency and cell maturity. Thus, 2D-cultured adipocytes are smaller in size and lack a unilocular lipid droplet as
compared to the 3D-cultured cells (Alexandersson et al., 2020; Harms et al., 2019). These differences may signif-
icantly affect the cell’s biology, rendering 2D-cultured adipocytes less responsive to SPM treatment. Summa-
rized, our data imply the critical need to use 3D culture methods when investigating the lipoxin-mediated bio-
actions and working with human adipocytes in vitro.

We also tested if lipoxin treatment could reduce obesity-related inflammation in adipose tissue explants
obtained from gastric bypass patients. This 3D culture system mimics a physiological environment of intact
adipose tissue as it retains the intact extracellular matrix and includes all resident cell types, such as endo-
thelial cells or leukocytes. In addition, explant cultures allow for investigation of patient-specific drug ef-
fects. Using these adipose tissue explant cultures, our study establishes the first proof-of-concept evidence
that lipoxins might be used to attenuate obesity-induced inflammation in human subjects with low-grade
systemic inflammation. However, our data also suggest that lipoxin treatment in humans may require a
tailored personalized-medicine approach to be effective, as only a subgroup of patients characterized
by high CRP levels responded to the drug.

Elevated CRP levels are proposed to reflect a state of chronic low-grade inflammation in obese individuals,
correlating with BMI and metabolic syndrome (Ellulu et al., 2017). Multiple prospective studies use CRP to
predict incidence of myocardial infarction, stroke, peripheral vascular disease, and sudden cardiac death
(Ridker et al., 2003). While CRP has been shown to induce inflammation in mouse cells (Yuan et al., 2007), it
was to our knowledge previously unknown how human adipocytes react to the acute phase protein. Our
data suggest that CRP affects adipocytes directly, resulting in the production of pro-inflammatory cyto-
kines. Thus, elevated CRP levels observed in responders may trigger inflammation in the patient’s adipose
tissue, potentially “priming” the tissue to be more responsive to SPM treatment.

CRP is one of the most commonly used markers of systemic inflammation in the clinic. We also investigated
if additional clinical parameters used to assess inflammation and metabolic health could further
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differentiate our cohorts, in addition to CRP. However, no significant difference in total white blood cell
counts, plasma cytokines, hypertension, hyperlipidemia, or diabetes between non-responders and re-
sponders were found (Table 1). Our analyses also indicate that individuals in both groups defy the separa-
tion into metabolically “healthy” or “unhealthy” phenotypes. Thus, only the chronic low-grade elevation of
plasma CRP levels was a specific characteristic of the lipoxin responder group.

We also performed RNA-Seq and oxylipin analyses, to gain unbiased insight into transcriptional changes or
the lipidome environment of adipose tissues from responders and non-responders, respectively. While the
overall number of differentially expressed genes identified in our RNA-Seq analysis between the two
groups was surprisingly low, we identified several genes associated with altered inflammatory state or
metabolic syndrome. Specifically, responders downregulated immunoglobulin superfamily DCC subclass
member 4 [IGDCC4], which has been shown to play roles during endocytosis of viral particles (Song et al.,
2021), or casein alpha s1 [CSN1S1]), an adipose tissue-specific gene involved in immune and inflammatory
responses that is found upregulated in adipose tissues of obese individuals (Nono Nankam et al., 2020).
Conversely, responders upregulated interleukin-2 receptor subunit alpha [IL2RA] mRNA encoding for IL-
2Ra (CD25), a protein that forms part of the trimeric interleukin-2 (IL2) receptor complex. The IL-2Ra subunit
can also be proteolytically cleaved by metalloproteinases to form a soluble peptide (sIL-2Ra) which is
released into the extracellular space (Sheu et al., 2001). IL2RA has been proposed as a biomarker for sys-
temicinflammation, and signaling linked to interleukin-2 and its receptor was shown to play important roles
in regulating immunity and immune tolerance (Buhelt et al., 2021; Durda et al., 2015). Besides IL2RA, re-
sponders also had elevated expression of granulysin [GNLY], a cytotoxic protein secreted from T lympho-
cytes or natural killer cells. Intriguingly, both IL-2Ra and granulysin were either shown or hypothesized to
correlate with elevated circulating CRP levels in cardiovascular disease (Buhelt et al., 2021; Durda et al.,
2015; Persic et al., 2018). Our oxylipin screen also revealed several differences between adipose tissues
from responders and non-responders. Specifically, both groups showed distinct changes to levels of
TXB2, prostaglandin D2, and several alpha-linolenic acid (ALA) metabolites. TXB2 is a marker of platelet
activation that is elevated in mild, but not in morbid obesity (Graziani et al., 2011). Prostaglandins have
dual roles in regulating inflammatory responses and induce the expression of lipoxygenase (LOX) required
for SPM production (Levy et al., 2001). Although weight loss can reverse obesity-induced changes to the
lipidome, adipose tissue retains a persistent obese signature characterized by sustained elevation of pros-
taglandins and downstream metabolites (Hernandez-Carretero et al., 2018). Elevated PGD2 levels in re-
sponders may therefore represent another factor “priming” this cohort to be receptive to SPM treatment.
We also noted characteristic differences in alpha-linolenic acid (ALA) metabolites. Responders had
elevated levels of the epoxy-lipid 12(13)-EpODE, which is produced by inflammatory leukocytes (Thomp-
son and Hammock, 2007), but has also been associated with anti-inflammatory actions (Imig and Hammock,
2009). Conversely, downstream epoxy-lipid metabolites, such as 9(10)- and 15(16)-DiHODE or the related
9(10)-DiHOME, were reduced. Alterations to diol/epoxide ratios in responders suggested a changed ac-
tivity of soluble epoxide hydrolase (sEH). Soluble EH is elevated in the adipose tissue of obese rodents
(De Taeye et al., 2010) and interlinked with cardiometabolic disease. Inhibitors of sEH act as anti-inflamma-
tory agents, and may stimulate the production of LXA4 (Imig and Hammock, 2009; Ono et al., 2014).

In conclusion, our study raises important considerations when designing investigations into therapeutic ef-
fects of pro-resolving mediators, such as lipoxins, in human obesity and cardiometabolic disease. Lipoxins
reduced inflammation in adipose tissue explants of a subpopulation of patients that were characterized by
high CRP levels. Indeed, the amplitude of the lipoxin-mediated response in all patients was correlated with
their plasma CRP levels. In lipoxin responder patients, the drug increased expression of anti-inflammatory
and pro-resolving markers, while reducing pro-inflammatory cytokines, and these effects were indepen-
dent of adipokine secretion. Importantly, responders also upregulated LXA, receptor levels in response
to lipoxin treatment. Future studies are required to further delineate the exact mechanisms and inter-organ
crosstalk involved in the patient-specific effects of lipoxin treatment.

Limitations of the study

A limitation of this study is that the clinical sample size was relatively small, making it difficult to draw any
conclusions regarding the impact of sex. However, as each patient is compared to their individual baseline,
the drug-induced effects remain valid. Further studies may clarify some of the pharmacological and cellular
mechanisms involved in the lipoxin-mediated effects in non-responder versus responder patients. We
separated the responders and non-responders based on their endogenous CRP levels, as this appeared
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to be the most predominant clinical characteristic that correlated with lipoxin efficacy. However, future
studies should evaluate this finding in a larger cohort.

It should also be noted that the adipose tissue used in the 3D cell culture models were derived from sub-
cutaneous fat, whereas the adipose tissue explants were obtained from the omental fat region. These types
of adipose tissue have significant biological differences (Soték et al., 2022) and data should be interpreted
considering these limitations.

Another significant limitation of this study is that all participants in this Swedish study were of Caucasian/
White origin. This is important to consider when designing future trials. Hence, our data should be inter-
preted with caution when relating the findings to different ethnicities.
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Antibodies

FPR2 antibody Novusbio NLS1878 lot#A8

Rabbit Anti-CD68 antibody Abcam ab213363 lot#GR3266939-1
Mouse Anti-CD11c antibody Abcam ab215858 lot#GR3319124-1
Goat Anti-CD206 antibody R&D AF2534 lot#VK0115011

Donkey-anti-Rabbit 488
Donkey-anti-Mouse 594
Donkey-anti-Goat Cy™5 / 647

Thermo Fisher
Thermo Fisher

Thermo Fisher

#711-547-003
#715-587-003
#705-175-147

Alexa Fluor 488 Donkey Anti-Rabbit antibody Jackson Immuno Research A32814
Biological samples

Primary human subcutaneous SVF cells Lonza PT-5020
Chemicals, peptides, and recombinant proteins

Qiazol Qiagen 79306
Trizol Thermo Fisher 15596018
QlAshredder column Qiagen 79656
RNeasy Mini Kit Qiagen 74106
DNAse | Invitrogen 18068015
Superscript IV Reverse Transcriptase Invitrogen 18090050
Type 2 collagenase Worthington LS004177
K;EDTA plasma tubes Greiner Bio One 456279
BSA, fatty acid free Sigma A6003

PBS Corning 21-040-CM
HBSS buffer with Mg?*/Ca?* Invitrogen 14065149
DMEM Corning 10-013-CVR
NaCl Sigma S5886

KCI Sigma 529552
KH,PO, Sigma P5655
MgSO, - 7H,0 Sigma M1880
CaCl, - 2H,0 Sigma C3306
HEPES Sigma 54457
Penicillin Streptomycin CellGro (Mediatech) MT 30-001-Cl
Glucose VWR 101175P
Erythrocyte lysis Sigma R7757
Subcutaneous basal media Ramcon (original manufacturer: ZenBio) BM-1

bFGF Sigma F0291

FBS Hyclone SV30160.03
Insulin Novo Nordisk Actrapid 5712249103316
Pioglitazone Sigma E6910-10MG
IBMX Sigma 15879
Dexamethasone Sigma D2915

(Continued on next page)
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Citrate unmasking buffer Cell Signaling 14746

Triton X-100 Sigma T8787

Tween-20 Sigma P9416

Glycine Sigma G8898

DAPI Thermo Fisher D1306

TrueBlack VWR 23007

Prolong Gold mounting medium Thermo Fisher P36930

Endothelial growth medium 2 Lonza EGM-2, CC-3162

Growth factor-reduced Matrigel Corning 11553620

Preadipocyte Growth Medium Lonza PGM-2, PT-8002

Ethanol absolute >99.8%, Molecular biology grade VWR 437433T

Lipoxin As (LXA,) Sigma #89663-86-5

Lipoxin B4 (LXB4) Cayman #98049-69-5

Critical commercial assays

Proseek Multiplex Inflammation | panel Olink https://www.olink.com/products/

target/inflammation/

Human TNF-a DuoSet ELISA kit R&D Systems DY210

Human IL-6 DuoSet ELISA R&D Systems DY206

Human IL-8/CXCL8 DuoSet ELISA R&D Systems DY208

Human Adiponectin/Acrp30 DuoSet ELISA R&D Systems DY1065

Human Leptin DuoSet ELISA R&D Systems DY398

Discovery V-PLEX Pro-inflammatory Panel 1 (human) Meso Scale K15049D-1
Oligonucleotides

ddPCR assay IL10 Bio-Rad dHsaCPE5036966
ddPCR assay MRC1 (CD20¢é) Bio-Rad dHsaCPE5193017
ddPCR assay CD163 Bio-Rad dHsaCPE5050636
ddPCR assay ITGAX (CD11¢) Bio-Rad dHsaCPE5046606
ddPCR assay FPR2 Bio-Rad dHsaCPE5030680
ddPCR assay CRP Bio-Rad dHsaCPE5036526
ddPCR assay CD4 Bio-Rad dHsaCPE5191723
ddPCR assay CD69 Bio-Rad dHsaCPE5052776
ddPCR assay CD8a Bio-Rad dHsaCPE5029358
ddPCR assay CD8b Bio-Rad dHsaCPE5191595
ddPCR assay LRP10 Bio-Rad dHsaCPE5043185
ddPCR assay RPLPO Bio-Rad dHsaCPE5031575

Software and algorithms

GraphPad Prism 8

R4.1.0

R package tidyverse (ver. 1.3.1)
CellProfiler 4.2.1

Office 365

Fiji

MetaboAnalyst 5.0

GraphPad Software Inc.

The R Project for Statistical Computing
R packages for data science

The Broad Institute

Microsoft

NIH ImageJ

Xia Research Group, McGill University

https://www.graphpad.com/
https://www.r-project.org/
https://www.tidyverse.org/
https://cellprofiler.org/
https://www.office.com/
https://imagej.net/software/fiji/

https://www.metaboanalyst.ca/
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250 pm Polyamid mesh filter Sintab AB 6111-025043
Separation funnel VWR 527-0008

Cell factory (10, 5 and 2 layer) Corning, Costar 3271, 3313, 3269
96-well ultra-low attachment plate Corning, Costar CLS7007
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Emma Bérgeson (emma.borgeson@wlab.gu.se).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ All data reported in this paper will be shared by the lead contact upon request.
® This paper did not generate new original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design and human subjects

Obese subjects aged 18-65 years old were included in this study. Abdominoplasty surgery patients (BMI
>30kg/m?) donated subcutaneous adipose tissue to prepare cells for the 2D-culture and the MAAC model.
We also included gastric bypass surgery patients (BMI >35 with at least one co-morbidity, or BMI>40), who
donated adipose tissue either snap-frozen for patient-specific analyses or used for the explant cultures. The
latter cohort also donated blood samples and a liver biopsy. Subjects were excluded if they were taking
anti-inflammatory and/or immunosuppressive drugs, currently smoked, or were diagnosed with significant
gastrointestinal or inflammatory bowel disease. Patients unable to undergo surgery (due to anorexia,
allergic reactions and/or other surgical problems) or who had an ongoing infection (e.g., fever or CRP
>40 mg/L) were excluded. A control group of lean and metabolically healthy individuals was recruited to
provide blood samples and clinical measurements. The control group was age- and sex-matched to the
gastric bypass patients. Study participants were enrolled under the Helsinki Declaration and provided writ-
ten informed consent. The studies were approved by the Swedish Ethical Review Authority (682-14, 2019-
04046) and registered with ClinicalTrials.gov (NCT02322073, NCT04255264).

Categorizing responders vs. non-responders

Patient-specific adipose explants taken from the greater omentum were treated with lipoxins ex vivo.
Approximately 50% of explant cultures responded to the treatment by significantly upregulating the M2
macrophage marker CD206. The switch from an M1 to the M2 macrophage phenotype has been estab-
lished as a lipoxin-mediated response (Bérgeson et al., 2015). Manual screening of the participants’
routinely collected clinical values revealed that all responders had mildly elevated CRP levels (defined
by the Sahlgrenska University Hospital as >5 mg/L). In contrast, the non-responders had low CRP levels,
which was thus used as the clinical criterion to separate the groups.

METHOD DETAILS
Clinical blood analyses

Venous blood was collected in K;EDTA (Greiner Bio One) tubes and sent to the hospital’s accredited lab-
oratory services to analyze liver function (ALT, AST, ALP), hyperlipidemia (Cholesterol, Triglycerides, HDL,
LDL) and clinically used inflammatory markers (white blood cell count, CRP), as reportedin Table 1. Of note,
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the limit of detection when measuring CRP is 1 mg/L. Healthy individuals, such as the control group, will fall
below the limit of detection and for these individuals the CRP levels are reported as 1.0 mg/L, as per com-
mon clinical practice.

Plasma protein screen

Venous blood was collected in K;EDTA (Greiner Bio One) tubes after an overnight fast. Plasma was pre-
pared through centrifugation and stored at —80°C until analysis. Protein biomarkers were analyzed by Olink
proximity extension assay for inflammatory proteins (Olink Proteomics, Uppsala, Sweden) at the Clinical
Biomarkers Facility at Science for Life Laboratory (Uppsala University, Sweden). To avoid intra-assay vari-
ability, samples were analyzed on the same plate (Rajan et al., 2019). Briefly, proteins with <30% missing
values in at least one of the groups were analyzed (Figure S2). For the proteins that met these criteria,
missing values were replaced with limit of detection (LOD) values, per the manufacturer’s recommenda-
tion. We confirmed that the dataset did not include outliers using hierarchical clustering with Pearson cor-
relation distance and complete linkage. Concentrations of proteins are reported as normalized protein
expression (NPX) values, an arbitrary unit on a log;, scale.

Adipose tissue explant culture

Adipose tissue was collected from the greater omentum in connection with the patient’s gastric bypass sur-
gery. The tissue was rinsed in saline, and larger blood vessels were dissected away. The tissue was divided
into 0.5 g explants and incubated with serum free DMEM media supplemented with vehicle (0.1% ethanol),
LXA4 (1 nM) or LXBy4 (1 nM) at 37°C for 6 hours. Subsequently, the tissue was collected and rinsed in saline
prior to snap freezing for further analyses. The supernatants were cleared of cellular debris by centrifuga-
tion (1000g, 10 min, 4°C) and snap frozen.

Immunofluorescence

Omental adipose tissue was paraffin embedded, sectioned and stained (Soték et al., 2021). Briefly, depar-
affinized sections were antigen retrieved by boiling sections in a pressure cooker (Antigen Retriever 2100)
for 20 min in antigen retrieval buffer (0.05% Tween-20, 10 mM Citrate unmasking buffer, pH 6.0 for FPR2
staining and 0.05% Tween-20, 1 mM EDTA, 10 mM Tris, pH 9.0 for CD68/CD206/CD11c staining). The sec-
tions were left to cool for 1.5 hours and subsequently rinsed three times using PBS. The sections were per-
meabilized for 10 min in 0.5% Triton X-100 (Sigma) in PBS before blocking for 2 hours at room temperature
using 3% BSA (Sigma), 3% donkey serum (Sigma), and 0.3M glycine (Sigma) in PBS. Following blocking, sec-
tions were incubated with antibodies directed against either FPR2 (Anti-FPR2 antibody, Novusbio,
NLS1878 lot#A8), CD68 (Anti-CD68 antibody [EPR20545], Abcam, ab213363), CD206 (Human MMR/
CD206 antibody, R&D, AF2534) or CD11c (Anti-CD11c¢ antibody [ITGAX/1243], Abcam, ab215858) at 4°C
overnight, followed by three 5 min washes using 0.1% Triton-X100 in PBS. Subsequently, sections were
incubated with secondary antibodies (Alexa Fluor 488 Donkey Anti-Rabbit antibody, Alexa Fluor 594
Donkey Anti-Mouse antibody, Cy5 Donkey Anti-Goat antibody, Jackson Immuno Research) and DAPI
(4,6-Diamidino-2-Phenylindole, Dihydrochloride, Thermo Fisher) for 1 hour at room temperature, followed
by three 5 min washes of 0.1% Triton X-100 in PBS and a 30 second incubation with TrueBlack (VWR) to
quench lipofuscin autofluorescence. Sections were embedded using Prolong Gold mounting media
(Thermo Fisher) and imaged using a Nikon Eclipse E400 (Nikon, Tokyo, Japan) microscope equipped
with a Plan 10x/0.25 lens as well as DAPI (340-380 nm) and FITC (465-495 nm) filters. Image acquisition
and analysis were completed using ACT-1 (Nikon) and Fiji (Imaged, NIH). Image analysis using
CellProfiler (Broad Institute) was used for the quantification of colocalization between CDé68 and either
CD11c or CD206 positive cells in immunofluorescently stained sections of adipose tissue explants.

Cell isolation from human adipose tissue

Human subcutaneous adipose tissue was dissected and minced. The tissue was digested at 37°C for 45 min
with agitation in digestion buffer 1 mg/mL type 2 collagenase (Worthington, LS004177) in HBSS buffer, pH
7.4, supplemented with 2% BSA. The cell suspension was subsequently filtered through a sterile 250 pm
mesh filter to remove undigested tissue, after which floating mature adipocytes were isolated via floating
for culture. Meanwhile, the adipose stroma vascular fraction (SVF) was pelleted through centrifugation
(200g, 7 min at room temperature) and used for experiments as described below. Additionally, the mature
floating adipocytes were washed three times in KRHB wash buffer (120 mM NaCl, 4.7 mM KCI, 1.2 mM
KH,PO4, 1.2 MM MgSQy - 7 H,O, 2.5 mM CaCl, - 2 H,0, 25 mM HEPES, 2 mM glucose, 2% BSA, pH 7.4)

16 iScience 25, 104602, July 15, 2022

iScience



iScience

using a separation funnel (VWR) to ensure removal of any remaining collagenase, leaving the mature adi-
pocytes to be cultured as described in the MAAC procedure below (Alexandersson et al., 2020; Harms
et al., 2019).

Membrane mature adipocyte aggregate culture (MAAC) model

Isolated mature floating adipocytes were centrifuged (50g, 3 min, room temperature) to separate and aspi-
rate any remaining wash buffer from the adipocytes. Any visible free lipid layer on top of the mature adi-
pocytes (i.e., oil from adipocytes that may have ruptured during the isolation procedure) was removed.
Subsequently, the mature adipocytes were seeded onto upside-down turned transwell insert, then in-
verted into tissue culture media in 24-well plate (DMEM containing 3% FBS, 1% Penicillin/Streptomycin)
(Figure 1A). The cells were allowed to recover overnight before being treated with vehicle (0.1% ethanol),
LXA4 (1 nM) or LXBy4 (1 nM) for four days. Media was subsequently removed and cleared by centrifugation
(1000g, 10 min, 4°C) before being snap frozen for downstream analyses. The remaining cells were harvested
in 500 pL Trizol (Invitrogen) for subsequent RNA isolation and quantifying gene expression.

Differentiated human adipocyte culture

The SVF (containing adipocyte precursors, endothelial cells, immune cells, etc.) underwent an erythrocyte
lysis step (Invitrogen) for 5 min at room temperature. Following additional centrifugation (518g, 10 min at
room temperature) and washing steps in subcutaneous basal medium (ZenBio), cells were seeded at the
density between 20,000-25,000 cells/cm? in a cell factory and expanded in the presence of bFGF
(0.17 ng/mL). The resulting cell population was subsequently referred to as pre-adipocytes and were
seeded for experimental use at a density of 37,500 cells/cm? in subcutaneous basal medium (ZenBio),
3% FBS (Hyclone), 1% Penicillin/Streptomycin (CellGro), TnM bFGF (Sigma) in 24-well plates. Cells were
differentiated one-day post confluence (differentiation Day 1) in basal medium (Zenbio) with 3% FBS (Hy-
clone), 1% Penicillin/Streptomycin (CellGro), 1 uM pioglitazone (Sigma), 0.5 mM IBMX (Sigma), 1 uM dexa-
methasone (Sigma) and 100nM insulin (Novo Nordisk). On day 8 of differentiation, the medium was
changed to the same media as above, but without pioglitazone, dexamethasone or IBMX. Differentiated
adipocytes were treated with vehicle (0.1% ethanol), LXA4 (1 nM) or LXB,4 (1 nM) for four days. Cells were
harvested in RLT Buffer (Qiagen RNeasy mini kit cat# 74106) to isolate total RNA, while supernatants
were collected and snap frozen for further downstream analyses. Supernatant cytokine production was
determined by standard enzyme-linked immunosorbent assay (ELISA) or Meso Scale Discovery (MSD) plat-
form analyses.

Human unilocular vascularized adipocyte spheroid (HUVAS) cultures

Human subcutaneous adipocyte spheroids were cultured as described (loannidou et al., 2021). Briefly, pri-
mary human subcutaneous SVF cells (including pre-adipocytes, endothelial cells and immune cells) from a
healthy female donor (Lonza, US) were seeded in a 96-well ultra-low attachment plate (Corning) at a con-
centration of 10,000 cells per well in Endothelial growth medium 2 (Lonza). On day 6, the formed spheroids
were embedded in 40 plL of growth factor-reduced Matrigel (Corning) to allow vascular sprouting. On day
10, half of the cell culture media was replaced with twice as concentrated Preadipocyte Growth Medium
(PGM-2, Lonza) to induce adipocyte differentiation. New PGM-2 media was added on day 15 and day
26. Cells were then treated with vehicle (0.1% ethanol), LXA4 (1 nM) or LXB,4 (1 nM) for 4 days, after which
the culture media was collected and snap frozen. The spheroids were briefly washed in PBS, and each
spheroid was subsequently homogenized in 100 pL Qiazol (Qiagen) by centrifuging them twice through
a QlAshredder column (Qiagen).

Gene expression analyses

Adipose tissue was homogenized in Trizol (100 mg/mL), and after centrifugation, the aqueous phase was
transferred to an RNeasy Mini Kit (Qiagen) column, and RNA was isolated according to the manufacturer’s
instructions. RNA concentration and purity were assessed using NanoDrop 2000 (Thermo Fisher Scientific),
and RNA integrity was verified by RNA Pico Chip using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Germany). RNA samples were treated with DNAse | (Invitrogen) and cDNA synthesized using random hex-
amers and Superscript IV (Invitrogen) according to the manufacturer’s instructions. mRNA expression was
evaluated by droplet digital PCR (ddPCR) on a QX200 AutoDG Droplet Digital PCR System (Bio-Rad). Two
reference internal control genes (LRP10, RPLPO), previously shown to be stably expressed in human adipose
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tissue (Gabrielsson et al., 2005), were used to generate a normalization factor, which was calculated as a
geometric mean normalized to maximal values (Vandesompele et al., 2002).

RNA samples from female obese patients that were grouped into the responding or non-responding
groups were analyzed by RNA-Seq next generation sequencing by SNP&SEQ Technology Platform (Up-
psala, Sweden). Please note that transcriptome analysis has not been performed on male patient omental
white adipose tissue biopsies owing to the low number of available samples. The sequencing library was
prepared using accredited method of TruSeq stranded mRNA library preparation kit with polyA selection
(Illumina, San Diego, CA). 150 cycles paired-end sequencing were performed using the NovaSeq 6000 sys-
tem and v1 sequencing chemistry (lllumina) aiming for average coverage of 30 M reads per sample. The
quality of reads was examined using MultiQC (Ewels et al., 2016) and sequences were further aligned using
STAR (Dobin et al., 2012) and read count summarized using featureCounts (Liao et al., 2013). DeSeq2 pack-
age (Love et al., 2014) in R environment v. 4.1.0 (https://www.R-project.org/) was used to assess differen-
tially expressed genes. FDR correction was applied to adjust p values and comparisons with log, fold
change >0.5 and p < 0.1 were considered significant.

Targeted lipidomics analyses

Adipose tissue non-esterified oxylipins, endocannabinoids, and ceramides were isolated and quantified
using modifications of published protocols (Bielawski et al., 2006; Midtbo et al., 2015; Pedersen and New-
man, 2018). Briefly, ~30 mg of frozen tissue was spiked with deuterated oxylipin, endocannabinoid and cer-
amide surrogates, mixed with butylated hydroxyl toluene and ethylene diamine tetraacetic acid. The sam-
ple was then homogenized in 400 L of isopropanol containing the internal standards 1-cyclohexyl ureido,
3-dodecanoic acid and 1-phenyl ureido 3-hexanoic acid using three 3 mm steel beads and shaking on a
Geno/Grinder 2010 (SpeX SamplePrep, Metuchen, NJ). Protein precipitate and debris were removed by
centrifugation for 10 min at 10,000g and 6°C, followed by 10 min at 15,000 g at 4°C. Extracts were diluted
1:1 with acetonitrile for oxylipin and endocannabinoid analyses, or 1:10 with isopropanol for ceramide an-
alyses. Diluted samples were stored at —20°C until analysis.

Analytes were separated using a Waters Acquity ultra-performance liquid chromatography (UPLC; Waters,
Milford, MA) on a 2.1 mm x 150 mm, 1.7 um BEH C18 column (Waters) for analysis of oxylipins and endo-
cannabinoids, and 2.1 mm X 150 mm, 1.7 pm BEH C8 column (Waters) for analysis of ceramides. Separated
analytes were detected using tandem mass-spectrometry, using electrospray ionization with multi reaction
monitoring on an APl 6500 QTRAP (Sciex, Redwood City, CA) for oxylipins and endocannabinoids, and an
AP 4000 QTRAP (Sciex) for ceramides. Analytes were quantified using internal standard methods and 7-9
point calibration curves of authentic standards (Agrawal et al., 2018).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using R (http://www.R-project.org/, version 4.1.0), Excel (Microsoft, version 16.54) and
GraphPad Prism (GraphPad Software Inc., version 8). Data obtained from human tissues were presumed to
have a non-Gaussian distribution, and thus statistical significance (p < 0.05) for continuous variables was
determined using Mann-Whitney U test when comparing two groups. Kruskal-Wallis with Dunn'’s post-
hoc tests were used when comparing more than two groups, unless the data was presented on a logarith-
mic scale at which point a parametric analysis of ANOVA with Fisher's least significant difference post-hoc
test was performed. Clinical categorical variables were analyzed using Fisher’s exact test. Analyses of ex-
periments using the uniformly cultured cell-line were assumed to have a Gaussian distribution, and thus
significance (p < 0.05) was determined using a Student's t-test when comparing two groups, and
ANOVA with the least significant difference post-hoc comparison tests when comparing more than two
groups. Data are presented as mean + standard error of the mean (SEM) or median + interquartile range
(IQR), *p < 0.05, **p < 0.01, ***p < 0.001, as also stated in respective figure or table legend. Data from cell-
culture experiments are presented as bar-graphs, while patient-related data is presented as box and
whisker plots.

ADDITIONAL RESOURCES

Prior to enrolling participants, the studies were approved by the Swedish Ethical Review Authority (682-14,
2019-04046) and registered with ClinicalTrials.gov (NCT02322073, NCT04255264).
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