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Introduction: Weight loss improves obesity-associated diabetes risk. However,
most individuals regain weight, which worsens the risk of developing diabetes
and cardiovascular disease. We previously reported that male mice retain
obesity-associated immunological changes even after weight loss,
suggesting that immune cells may remember the state of obesity. Therefore,
we hypothesized that cycles of weight gain and loss, otherwise known as
weight cycling, can induce innate memory in adipose macrophages.

Methods: Bone marrow derived macrophages were primed with palmitic acid or
adipose tissue conditioned media in a culture model of innate iImmune memory.
Mice also put on low fat or high fat diets over 14-27 weeks to induce weight gain,
weight loss, and weight cycling.

Results: Priming cells with palmitic acid or adipose tissue conditioned media from
obese mice increased maximal glycolysis and oxidative phosphorylation and
increased LPS-induced TNFo and IL-6 production. Palmitic acid effects were
dependent on TLR4 and impaired by methyltransferase inhibition and AMPK
activation. While weight loss improved glucose tolerance in mice, adipose
macrophages were primed for greater activation to subsequent stimulation by
LPS ex vivo as measured by cytokine production. In the model of weight cycling,
adipose macrophages had elevated metabolism and secreted higher levels of basal
TNFo, suggesting that weight loss can also prime macrophages for heighted
activation to weight regain.

Discussion: Together, these data suggest that weight loss following obesity can
prime adipose macrophages for enhanced inflammation upon weight regain.
This innate immune memory response may contribute to worsened glucose
tolerance following weight cycling.
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Introduction

Weight loss is effective for improving blood glucose, blood
pressure, and blood lipids (1-3). However, weight loss is hard to
accomplish and even harder to maintain, and most individuals
regain weight within a few years (4-7). We refer to the repeated
process of gaining and losing weight as weight cycling, which can
occur throughout one’s lifetime. Unfortunately, weight cycling
further increases the risk for developing type 2 diabetes,
cardiovascular disease, and hypertension (8-11), and has a
stronger relationship with all-cause mortality than even stable
long-term obesity (12). However, the mechanism by which
weight cycling worsens disease risk remains unknown.

Obesity is a state of chronic, low-grade, systemic inflammation,
and adipose immune cells contribute to obesity-associated disease.
Upon weight gain, inflammatory cells expand and infiltrate into the
adipose tissue and release inflammatory cytokines such as IL-1f,
TNFo, and IL-6 (13-18). These cytokines directly promote
adipocyte lipolysis and impair insulin signaling, contributing to
the development of diabetes (19). We previously published our
work demonstrating that male C57BL/6] that undergo weight
cycling have worsened glucose tolerance compared with their
obese counterparts, and this is correlated with an increase in
memory T cells in their adipose tissue (20). We have also
reported that while weight loss normalizes glucose tolerance, it
does not restore obesity-associated immunological changes such as
T cell exhaustion or macrophage lipid handling (21). These data
suggest that adipose immune cells may “remember” the state
of obesity.

The induction of immune memory has long been known to
be a key feature of T cells and B cells. However, recent studies
have also revealed a memory response in innate immune cells, in
which stimuli prime innate immune cells to augment subsequent
activation to a second stimulus. This response, coined “innate
immune memory” or “trained innate immunity”, was initially
observed with B-glucan and the Mycobacterium tuberculosis
vaccine (BCG), but has also been seen with cytokines,
hormones, and oxidized low density lipoprotein (22-28).
Functionally, innate immune memory is associated with
elevated glycolytic metabolism and inflammatory function.
Mechanistically, this memory response is controlled by
epigenetic modifications that hold open regions of chromatin
at glycolytic and inflammatory genes (28). We hypothesized that
weight cycling induces innate immune memory in adipose tissue
macrophages and could contribute to worsened disease risk.

In the present study, we show that previous exposure to
palmitic acid or adipose conditioned media from obese mice in
vitro and weight loss in vivo increase macrophage metabolism
and inflammatory cytokine production. This immunological
memory may influence weight maintenance or the metabolic
consequences of further weight gain.
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Methods
Animals

Male and female C57BL/6] mice were either purchased from
Jackson Labs or bred within our group. TLR4 KO mice on a
C57BL/6 background were provided by Dr. Brad Grueter at
Vanderbilt Universtiy (29). All procedures were approved and
carried out with approval from and in compliance with the
Vanderbilt University Institutional Animal Care and Use
Committee. Vanderbilt University is accredited by the
Association for Assessment and Accreditation of Laboratory
Animal Care International.

Weight cycling

For weight loss and weight cycling experiments, male
C57BL/6] mice were purchased from Jackson Labs (#000664)
at 7 weeks of age. At 8 or 9 weeks of age, mice were placed on 9-
week cycles of high fat diet (60% fat, Research Diets #D12492,
5.21 kcal/g food) or low fat diet (10% fat, Research Diets
#D12450B, 3.82 kcal/g) for a total of 27 weeks as published
(20, 21) and as visualized in Figure 1A. Access to food and water
was provided ad libitum. Body weight and food intake were
recorded weekly.

Single cell analysis

To assess adipose macrophage populations for innate
immune memory by single cell-sequencing, we used a
previously published single cell sequencing dataset from our
laboratory (GEO accession number GSE182233) (21).
Differential expression was performed in R version 4.1 with
Seurat V4 (30) using Wilcoxon Ranked Sum tests. GO Biological
Processes pathway analysis was conducted on differential
expression with ShinyGO 0.76 (31) using FDR cutoff of 0.05
(last date of access 6/15/2022) and overlapping gene expression
was determined and graphed using http://bioinformatics.psb.
ugent.be/webtools/Venn/.

Bone marrow derived macrophages and
adipose tissue conditioned media

For innate immune memory culture models, male and female
mice on chow diets were euthanized between 8-15 weeks of age and
bone marrow was extracted from the femurs. Bone marrow-derived
macrophages (BMDM) were differentiated over 5-7 days in DMEM
(Gibco, 11960044 or 11885092), 10% FBS, 1% Penicillin/
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FIGURE 1
Transcriptional changes in adipose macrophages from weight loss (WL) and weight cycled (WC) mice suggest innate immune memory. (A) Weight
cycling schematic. (B) Violin plot of inflammatory (Tnf, ll1b, Cd83) and metabolic genes (Ldha, Pkm) from lean, obese, weight loss (WL), and weight
cycled (WC) macrophage clusters. (C) Pathway analysis of differentially expressed genes from WC vs. obese or WL vs. lean macrophage clusters.
(D) Venn diagram of differentially expressed genes of obese, WL, and WC adipose macrophage clusters compared with lean and pathway analysis of the
genes differentially expressed in both WL and WC groups.

streptomycin, 10 mM HEPES, and 10% L1929 conditioned media minced. Small pieces of adipose tissue were cultured in DMEM

(or 10 ng/mL M-CSF; Shenandoah Biotech #200-08) in T75 flasks.

For adipose tissue conditioned media, male mice were fed
10% low fat diet or 60% high fat diet as above for 5-9 weeks were
euthanized and epididymal adipose fat pads were collected and
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with FBS, Pen/strep, and HEPES as above for 48 hours at ~50
mg/mL. Media was filtered through 50 pm filters to remove
adipocytes, centrifuged to remove red blood cells and immune
cells, and stored at -20°C for further experiments.
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In vitro innate memory model

For in vitro innate immune memory experiments, we adopted a
cell culture model by Kleinnijenhuis, Quintin, and colleagues
(23,24). Briefly, BMDM were treated for 24 hours with 0.4 mM
palmitic acid (MP Biomedicals #57-10-3) or 100% adipose tissue
conditioned media. Palmitic acid was suspended in DMSO or
conjugated to BSA. Media was washed out for 6 days and cells
were stripped, re-plated at 375 cells/uL, and activated with 100 ng/
mL LPS (Sigma #L4391), 1ug/mL lipotechoic acid (In vivoGen #tlrl-
pstla), 1 pg/mL poly(I:C) (Tocris #4287), or 5 pg/mL beta-glucan
(Millipore #346210) for 24 hours. Seahorse metabolic analysis was
conducted at the end of the washout phase and cell culture media
was collected at the end of 24-hour activation. For mechanistic
experiments, BMDM were treated with 0.5 mM 5’-
methylthioadenosine (MTA; Sigma #D5011) or 10 UM metformin
(Tocris #2864) during the initial activation phase with palmitic acid.

Seahorse metabolic analysis

To measure cell metabolism, a Seahorse XFe96 (Agilent) was
used to measure the extracellular acidification rate (ECAR) and
oxygen consumption rate (OCR) as surrogates for glycolysis and
oxidative phosphorylation, respectively. Cells were plated at 50-
75,000/well in 200 pL of standard growth media for 2-24 hours and
then switched to minimal DMEM containing 2 mM L-glutamine
for the assay. A modified version of the Mito Stress Test (Agilent
#103015-100) was then performed. Briefly, glucose (final
concentration 10 mM) was injected to the wells to measure
glucose-stimulated glycolysis. Pyruvate (final concentration 1
mM) was then injected with oligomycin (final concentration 1.5
UM) to begin the standard Mito Stress Test. Last, FCCP (final
concentration 2 uM) and rotenone/antimycin A (final
concentration 0.75 uM) were injected. To normalize for any
differences in cell number due to treatment, cells were lysed in
RIPA buffer and we performed a Pierce BCA assay (Thermofisher
#23225) according to the manufacturers’ protocol. OCR and ECAR
were normalized to g protein.

ELISA

To measure cytokine production, cell culture media was
collected for ELISA. IL-6 and TNF murine ELISA kits were
purchased from Biolegend (#431304, #430904). Assays were
performed in duplicate when possible, according to the
manufacturers’ protocols. To normalize for any differences in cell
number due to treatment, cells were lysed in RIPA buffer and a
Pierce BCA assay (Thermofisher #23225) performed according to
the manufacturers’ protocol. Cytokine concentrations were
normalized relative to control samples from each experiment.
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Body composition

To assess body composition, mouse body fat and fat free
mass (FFM) were measured by nuclear magnetic resonance
whole body composition analysis (Bruker Minispec).

Glucose tolerance testing

To assess glucose tolerance, mice were fasted for 5 hours and
anesthetized with isoflurane for a tail snip to access blood supply.
After a 1-hour recovery, basal blood glucose levels were
measured using a hand-held glucometer (Bayer Contour Next
EZ meter). After an intraperitoneal injection of 1.5 g dextrose/kg
lean mass, blood glucose was sampled at 15, 30, 45, 60, 90, and
120 minutes.

Tissue immune cell isolation

To isolate adipose macrophages, the adipose stromal
vascular fraction was collected as previously described (32).
Briefly, mice were euthanized by isoflurane overdose and
cervical dislocation and perfused with 20 ml PBS through the
left ventricle. Epididymal (unless otherwise stated) or
subcutaneous adipose depots were collected, minced, and
digested in 6 ml of 2-mg/mL type II collagenase (Sigma #
C6885 or Worthington #LS004177) for 30 min at 37°C.
Digested tissue was then vortexed, filtered through 100 um
filters with cold PBS, lysed with ACK buffer, and filtered
through a 35 um filter. The stromal vascular fraction was
plated at 200,000 cells/well for 2-4 hours to allow for
adherence for Seahorse and ELISA experiments or stained for
flow cytometry.

To isolate blood monocytes, whole blood was lysed in water
and 500,000 cells/well were plated for 2 hours for adherence and
used for cytokine production.

To isolate peritoneal macrophages, peritoneal lavage was
performed. Cold PBS (5 mL) with 5mM EDTA was injected into
the abdominal cavity, the abdomen was massaged for 2 min, and
lavage fluid was collected from a small incision by transfer
pipette. 200,000 cells/well were plated for adherence for 2
hours for Seahorse metabolic analysis and cytokine production.

To isolate liver macrophages, livers were extracted, minced,
and digested as above. The liver suspensions were then plunged
through 100 um filters with cold PBS and lysed with ACK buffer.
The cell pellet was resuspended in 33% Percoll and overlayed on
top of 66% Percoll. The Percoll gradient was centrifuged at 600 x
g for 15 min with the break set to zero. The two middle layers of
the Percoll gradient were collected in HBSS and centrifuged at
500 x g for 5 min. 200,000 cells/well were plated for 2 hours for
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adherence and used for Seahorse metabolic analysis and
cytokine production.

Flow cytometry

To assess cell frequency and intracellular cytokine
production, stromal vascular cells were prepared for flow
cytometry. FcBlock was added for 10 min prior to fluorescent
antibody staining for surface proteins for 30 min at 4°C using the
following antibodies:

BV510 anti-mouse CD45 (Biolegend 103137), FITC anti-
mouse CD11b (eBioscience 11-0112-86), PerCP-Cy5.5 anti-
mouse CD64 (Biolegend 139308), PE-Cy7 anti-mouse CD9
(Biolegend 124815), APC-Cy7 anti-mouse F480 (Biolegend
123118). eFlour 450 fixable viability dye (Invitrogen/
eBioscience 50-112-8817 was used to determine viability). For
intracellular cytokines, cells were fixed and permeabilized
according to the Thermofisher two-step protocol: for
intracellular (cytoplasmic) proteins (Foxp3/transcription factor
staining buffer set, eBioscience 00-5523-00). Cells were then
stained with fluorescent antibodies for intracellular proteins for
30 min at 4°C using the following antibodies: PE anti-mouse
TNF (Biolegend 506306) and APC anti-mouse IL-6 (Biolegend
503810). Data was acquired on a MACSQuant10 (Miltenyi) and
analyzed on Flow]Jo.

Statistical analyses

Statistical analyses were performed using GraphPad Prism.
Student’s t-tests were run for comparisons between two groups,
one-way analysis of variances (ANOVA)s were used for
comparisons between more than two groups, and two-way
ANOVAs were conducted for >2 groups over >2 timepoints.
For significant main effects, post-hoc pairwise comparisons using
Tukey or Sidak corrections were used to determine statistical
differences. All data are presented as mean + standard error
(SEM). A p-value (or adjusted p -value) of <0.05 was used to
determine significance.

Results

Transcriptional induction of innate
immune memory in adipose
macrophages from weight loss and
weight cycled mice

To determine if weight cycling can induce innate immune
memory, we first utilized a recently published single cell dataset
from our lab (21). Briefly, mice had been placed on low fat or
high fat diets for 27 weeks total (Figure 1A). At the end of 27

Frontiers in Immunology

05

10.3389/fimmu.2022.984859

weeks, obese and weight cycled mice were matched for body
weight, and obese, weight loss, and weight cycled mice were
matched for total time on high fat diet. Single-cell sequencing
was completed on CD45" adipose tissue immune cells and
analyses across many different cell populations were reported
(21). To extend upon those findings, genes from the Trained
Immunity DataBase (33) were plotted across our diet groups in
the macrophage clusters (Figure 1B). We performed differential
expression analysis and found inflammatory genes (Il1b and
Tnf), glycolytic genes (Pkm and Ldha), and the activation marker
Cd83 were more highly expressed in adipose macrophages from
weight loss compared to lean mice (adjusted p<0.05 by
differential expression, Supplemental Table 1). Additionally,
Il1b and Cd83 were more highly expressed in the adipose
macrophages from weight cycled vs. obese mice (adjusted
p<0.05 by differential expression, Supplemental Table 2). Next,
we performed pathway analysis on all significant differentially
expressed genes to determine which pathways were differently
regulated (Figure 1C). In weight loss compared with lean as well
as weight cycled compared with obese, pathways related to
immune regulation, inflammation, defense, and responses to
biotic, external stimuli, and interspecies interaction were
changed. These pathways have also been shown to change
following the induction of innate immune memory by B-
glucan or BCG (34, 35). To further determine the pathways
changed in both weight loss and weight cycled groups, we used a
Venn diagram to compare the differentially expressed genes in
all groups when compared to the lean group (Figure 1D). Of the
83 genes that were significantly different in both the weight loss
and weight cycled groups, common pathways were related to
chromatin organization, signal transduction, and cell
communication. These cellular processes are all generally
considered to be characteristic of innate immune memory.
Interestingly, we also found pathways associated with
differentiation and activation in B cells and toxin transport.
Together, these data supported our hypothesis that weight loss
and weight cycling may induce innate immune memory in
adipose macrophages.

Transcriptional induction of innate
immune memory in monocytes and
dendritic cells

Using the dataset from Figure 1, we also completed the same
analyses on the monocyte and dendritic cell (DC) clusters (Figures
S1A, B). Il1b was significantly increased in classical monocytes from
weight cycled vs. obese mice (Supplemental Tables 3, 4), and both
Il1b and Tnf were more highly expressed in the ¢cDC2 and
monocyte derived DC populations from weight cycled vs. obese
(adjusted p-value <0.05, Supplemental Tables 5, 6). In the classical
monocytes, pathways related to immune regulation, defense,
responses to biotic or external stimuli were changed similar to
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adipose macrophages in Figure 1B and to the response following
B-glucan or BCG (34, 35) (Figure S1C). Notably, cytokine response
genes and metabolic processes were also changed. In the cDC2 and
monocyte derived DC clusters, many of the pathways with the
greatest change were related to translation, protein biosynthesis/
metabolism, and cytokine response. In the clusters from weight
cycled vs. obese mice, differences were observed in pathways related
to innate receptor signaling and inflammation. These data further
support the hypothesis that weight cycling may induce innate
immune memory in innate myeloid cells of the adipose tissue.

We also looked at NK cell populations, which display
evidence of training in other settings (36); however, only
Malatl and Zfp3612 were significantly different between weight
cycling and obese conditions in our NK cells (Supplemental
Tables 7, 8). There was no detectable Il1b or Tnf (or even CsfI or
Ifnal), and pathway analysis did not show changes in anything
related to pathogen defense or inflammatory, therefore it does
not appear that weight cycling affects innate immune memory in
NK cells.
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Palmitic acid induces innate immune
memory responses in bone marrow
derived macrophages

We next adopted a previously published cell culture model
of innate immune memory with a 24-hour prime, 6-day
washout, and 24-hour secondary activation (Figure 2A) (23,
24). Palmitic acid was chosen as our initial stimulus because it is
the most common saturated fatty acid in the human body, is
elevated in individuals with obesity due to lipolysis, and it
activates TLR4, a receptor that can promote innate immune
memory (37). Additionally, palmitate has been shown to elicit an
obese-like adipose macrophage phenotype in bone marrow
derived macrophages (BMDM) and priming in other models
(38-40). Following 24-hour activation and a 6-day washout,
palmitic acid priming increased maximal extracellular
acidification rate (ECAR), a proxy for glycolysis, and modestly
increased maximal oxygen consumption rate (OCR), a proxy for
oxidative phosphorylation, although this measure was not
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Palmitic acid increases maximal cell metabolism and inflammation in macrophages in culture. (A) Schematic of innate immune memory in vitro models
using bone marrow derived macrophages and 0.4 mM palmitic acid or control (DMSO). (B) Extracellular acidification rate (ECAR) and (C) oxygen
consumption rate (OCR) during modified mitochondrial stress test by Seahorse metabolic analyzer after 6-day washout (D) 100 ng/mL LPS- induced
TNF and IL-6 production by ELISA and normalized by protein concentration. (E) 100 ng/mL LPS-, 1 ug/mL LTA- or 1ug/mL P(:C)- induced TNF and IL-6
production by ELISA and normalized by protein concentration. (F) 100 ng/mL LPS-induced TNF and IL-6 production by ELISA in WT or TLR4-KO mice
and normalized by protein concentration. (G) 0.5 mM 5'-methylthioadenosine (MTA) or 10 uM metformin were added during the initial 24-hour
treatment with palmitic acid. TNF and IL-6 production was measured by ELISA after 100 ng/mL LPS activation. Data are means + SEM of 3-7
populations, representative of 2-3 independent experiments. *p < 0.05, **p < 0.01, *** p <0.001, ****p <.0001, NSD= no significant difference.
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significant (Figures 2B, C). Moreover, following 24-hour LPS
activation, palmitic acid priming increased LPS-induced TNFo.
and IL-6 secretion when compared to the control (Figure 2D).
These results were observed whether palmitic acid was
suspended in DMSO (shown) or BSA (data not shown).
Cytokine production was also generally increased with
palmitic acid priming in response to additional secondary
stimuli such as lipoteichoic acid, a TLR2 agonist (Figure 2E),
as well as B-glucan, a dectin-1 agonist (Figure 2F), although
there were cytokine specific effects. We did not detect an increase
in response to poly(I:C), a TLR3 agonist, suggesting that the
priming effect influences a variety of, but not all,
stimuli (Figure 2E).

To determine potential mechanisms of action, we first tested
if palmitic acid requires the innate receptor TLR4. There was no
significant difference between palmitic acid primed or control
BMDM activated with B-glucan in TLR4 KO BMDM
(Figure 2F), suggesting that this response is dependent on
palmitic acid activation of TLR4. As expected, there was no
LPS activation in the TLR4 KO (data not shown). Additionally,
we tested the role of epigenetic and metabolic changes within our
system. 5°- methylthioadenosine (MTA), which broadly inhibits
methyltransferase activity, or metformin, which activates
AMPK, inhibits mTOR activity, and suppresses glycolysis in
immune cells, were added during the initial 24-hour treatment
with palmitic acid. Following subsequent LPS activation, there
was no significant difference between palmitic acid primed or
control BMDMs (Figure 2G). Together, these data suggest that
palmitic acid increases metabolic potential and cytokine
production to a secondary stimuli, which is consistent with
other innate immune memory stimuli (23, 24). Moreover, this
form of innate memory is driven by TLR4 activation as well as
metabolic and epigenetic changes.

Becker’s group has previously published that 24-hour
treatment of BMDMs with palmitate induces metabolically
activated macrophages (MMe) with elevated gene and protein
expression of Plin2, Abcal, and Cd36 that is consistent with
adipose macrophages from obese mice (38, 39). To confirm that
our model of enhanced LPS-responsiveness is distinct from
MMe activation, we compared 24-hour treatment with
priming as above. Mme activation did not increase LPS-
induced IL-6 or TNFa (Figure S2), suggesting that our innate
immune memory model, and potentially weight cycling, is
immunologically distinct from models of simple obesity.

Adipose tissue conditioned media
increases cell metabolism and
inflammation in bone marrow derived
macrophages

Innate immune memory has been shown in response to
pattern recognition receptors like TLRs, but also in response to
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aldosterone, catecholamines, glucose, and cytokines (27, 41-44).
With obesity, there is altered levels of catecholamines, glucose, and
cytokines such as IFNY, but also hormones like leptin and insulin.
Thus, we extended our above model to a more physiological
model for weight cycling by priming cells with adipose tissue
conditioned media (ATCM) from obese mice (Figure 3A).
Priming BMDM with ATCM from obese mice significantly
increased maximal glycolysis and oxidative phosphorylation
compared with media alone (Figures 3B, C). Priming with
ATCM also increased LPS-induced TNFo and IL-6 secretion
(Figure 3D). Importantly, ATCM from lean mice matched for
age and time on diet did not induce innate immune memory
(Figure 3E), suggesting that the priming signal is present or
elevated in the obese adipose tissue environment specifically.
These data further confirm that repeated exposure to an obese
adipose tissue environment increases metabolic potential and
cytokine production, which is again consistent with other innate

immune memory stimuli.

Weight loss mimics innate immune
memory in adipose macrophages

We next tested if weight loss could replicate the effects
observed when priming cells with palmitate and ATCM above.
Mice were placed on low fat diet or high fat diet as in Figure 4A.
After 9 weeks of high fat diet, we observed the predicted increase
in body mass, fat mass, and lean mass in obese mice (Figures 4B,
C). After switching to a low fat diet for 5 weeks, our weight loss
mice had similar body weight and body composition to mice fed
low fat diet for the entire 14 weeks (Figures 4B, C). During an
intraperitoneal glucose tolerance test, obese mice had higher
blood glucose and slower glucose disposal at all timepoints
compared to lean mice; however, glucose tolerance was not
significantly different in weight loss mice compared to lean mice
(Figure 4D). Obesity increased glycolysis and oxidative
phosphorylation in adipose macrophages as expected (45, 46)
(Figures 4E, F). Maximal glycolysis trended toward remaining
elevated in adipose macrophages from weight loss mice,
although this did not reach statistical significance. Strikingly,
adipose macrophages from weight loss mice increased LPS-
induced TNFo and IL-6 production to a degree similar to cells
from obese mice, while adipose macrophages from lean controls
demonstrated almost no response (Figure 4G). Weight loss also
significantly increased LPS-induced IL-6 production in blood
monocytes (Figure 4H). Interestingly, these results were tissue
specific, as peritoneal macrophages and liver macrophages had
similar metabolism and cytokine production across groups
(Figure S3). Moreover, in an extended model of weight loss
(18 weeks), adipose macrophages still trended towards increased
metabolic and inflammatory parameters, although only LPS-
induced TNFo production was statistically elevated compared to
the lean group (Figure S4). Together, these data suggest that
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while weight loss improves glucose tolerance, it increases
inflammatory cytokine production to a second activation
signal ex vivo in adipose macrophages from previously obese
mice. Moreover, these data suggest that weight loss derived
signals may act as priming stimuli to elicit changes in adipose
macrophage metabolism and subsequent cytokine production
that are consistent with innate immune memory.

Weight cycling further increases
inflammation in adipose macrophages

To determine if weight regain provides a sufficient secondary
activation signal for innate memory in vivo, we utilized our
previously published model of weight cycling as shown in
Figure 1A (20, 21). As previously reported, obese vs. weight
cycled mice and lean vs. weight loss mice had comparable body
weight and body composition at the end of 27 weeks (Figures 5A—
B). As we previously published, weight cycling also worsened
glucose tolerance, to a greater degree than obesity alone, following
an intraperitoneal glucose tolerance test as measured by area under
the curve (Figures 5C-D). While there were no differences in
epididymal adipose macrophage proportions in obese vs. weight
cycled mice (Figures S5A, B), weight cycling increased basal
glycolysis and oxidative phosphorylation in adipose macrophages
compared to lean macrophages (Figures 5E, F). Maximal
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metabolism was significantly elevated compared to lean
macrophages in both the obese and weight cycled groups, with
weight cycled trending higher. Basal TNFo production from
epididymal adipose macrophages was also elevated in the weight
cycled condition compared with lean macrophages (Figure 5G). We
also observed an increase in intracellular TNFo. in weight cycled
epididymal adipose macrophages by flow cytometry (Figure S5C).
Moreover, subcutaneous adipose macrophages and liver
macrophages have increased TNFo production following weight
cycling (Figures S6A, B). Together, these data suggest that weight
loss induces a form of innate immune memory that enhances
TNFo. production to weight regain as a secondary activation signal
in vivo.

Discussion

In the current study, we demonstrate that previous exposure
to palmitic acid or conditioned media from obese adipose tissue
in culture, as well as weight loss in mice, exacerbates the
inflammatory response of adipose macrophages. We consider
this a metabolic form of innate immune memory, similar to that
previously shown in the context of diabetes and atherosclerosis
(47-49). To our knowledge, this is the first study to directly link
obesity, but more specifically weight loss, with innate

immune memory.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.984859
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Caslin et al.
A B (]
Lean [0 o o im) 4y 507 | !
= H i
o B 1 —
Obese [Em[mmmm) 4 540 t ; §
Weight Loss [ wm wm] o o | 40—, 2304 o H
—_— E H i
0 B bk 9 . 15 %20- i i
/eeks on diet . ° i i
Gpneades & 10 P
[0 A N E—
0 2 4 6 8 10 12 14
. Time (weeks)
E Adipose macrophages F
p=.059
_ 12 _ 1.0q _
g g =
] £ 084
E 08 €
S F 0.6
g 3
£ E 0.4
z 0.4 z
S o 029
w w
0.0 0.0-
Basal Maximal
Time (minutes)
. H
G Adipose macrophages
15 ol 40000 *
) = 30000
£ 10 E
2 2 20000
L @
Zz 5
= = 10000
[ . — —=
0 LPS 0 LPS 0 LPS 0 LPS 0 LPS 0 LPS
FIGURE 4

TNF (pg/mL)

10.3389/fimmu.2022.984859

D
——
3 400 Lean
3 —e— Obese
;E;soo ~&—~ Weight Loss
2
g 200 |:
o — 3 b4
5 100- /—\H\;
o
K3
o ot T T T !
Fat mass Lean mass 0 30 60 90 120
Time (minutes)
15 15 == Lean
2 E . B Obese
é 104, E 10 =3 Weight loss
3 [ 3
3 g
e 5 r 5
Q 3 o
o * o
o4—1 o
0 20 0 Basal
Time (minutes)
Blood Monocytes
400 8000 =
*k
300 I 6000
£
200 £ 4000
it
100 = 2000

0 LPS 0 LPS 0 LPS

0 LPS 0 LPS 0 LPS

Weight loss doesn't normalize the inflammatory response in adipose macrophages. (A) Weight loss in vivo schematic. (B) Body mass over time
measured weekly with diet switch indicated by dashed lines. (C) Lean and fat mass measured by nuclear magnetic resonance. (D) Blood glucose
during an intraperitoneal glucose tolerance test (1.5 g dextrose/kg lean mass) at 14 weeks. (E) Extracellular acidification rate (ECAR) and

(F) oxygen consumption rate (OCR) of epididymal adipose macrophages selected by 2 hour adherence during modified mitochondrial stress test
by Seahorse metabolic analyzer. (G) TNF and IL-6 production induced by 100 ng/mL LPS as measured by ELISA in epididymal adipose
macrophages selected by 2-hour adherence and normalized to protein concentration. (H) TNF and IL-6 production induced by 100 ng/mL LPS
as measured by ELISA in monocytes selected by 2-hour adherence and normalized to protein concentration. Data are means + SEM of 6-8
mice, representative of 2 independent experiments. *p <0.05, **p < 0.01, ***p <0.001

While weight cycling worsens diabetes disease risk beyond
stable long-term obesity, the mechanisms that link weight
cycling and disease risk are not known. Using single-cell
sequencing, we previously showed that after weight loss,
adipose immune cells retain obesity-associated immunological
changes like T cell exhaustion and macrophage lipid handing
(21). Work by Singer, Hseuh, and Lumeng’s groups have shown
that adipose macrophages are retained in the fat following
weight loss and that they have greater inflammatory gene
expression (50-52). In complementary work, oxidized LDL
and Western diet increase LPS-responsiveness in monocytes
and this is retained after switching to control diet for 4 weeks
(49). In addition, 30% caloric restriction has been shown to
protect mice against Mycobacterium tuberculosis infection (53).
Our current work supports these studies by showing that weight
loss does not reverse enhanced LPS-induced cytokine
production by adipose macrophages. It should be noted that
while we saw enhanced secondary activation in adipose
macrophages from weight loss mice, we did not find that they
secreted more basal cytokine by ELISA. These results partially
differ from the reported increase in inflammatory gene
expression by microarray data and in our single cell
sequencing data; however, gene expression and protein do not
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always match, especially for cytokines which can be stored in
their pro form prior to secretion. Moreover, our ELISA data
came from cells mechanically and enzymatically isolated from
the adipose tissue and cultured for 24 hours. Thus, future studies
may take advantage of newer in vivo technologies to better
understand basal cytokine production in adipose macrophages
following weight loss. Importantly, these changes persist with
long-term weight loss (12-24 weeks) (50, 52), suggesting they are
long lasting and not simply in response to acute adipose tissue
lipolysis or remodeling.

We propose this heightened inflammatory response is
mediated by a metabolic form of innate immune memory.
Initial reports of innate immune memory following exposure
to B-glucan or BCG showed elevated glycolytic metabolism and
inflammatory function (23, 54). We demonstrate similar
changes in both cell culture and animal models, observing an
increase in glycolysis and LPS-induced cytokine production.
Priming with palmitic acid increases the response to many
innate stimuli, including TLR2, TLR4, and dectin-1 agonists.
Napier and colleagues have also shown that other models of
palmitate treatment can augment macrophage inflammation in
culture and induce an innate memory-like effect (55). Moreover,
her group showed that dietary palmitate can augment the
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inflammatory response to endotoxemia and improve the
clearance of Candida albicans in vivo. Together, our data
emphasize the notion that palmitate induced-innate immune
memory is not specific to one specific antigen, but primes
macrophages for a more general heightened inflammatory
response (28). In our study, we also observed an increase in
maximal oxidative metabolism, which has been shown following
monophosphoryl lipid-A priming, which is a TLR4 agonist like
palmitic acid (56, 57).

Here we provide an exploratory study of the mechanisms
involved in palmitate training. This model of innate immune
memory is dependent on TLR4 activation as well as
methyltransferase and metabolic activity. Similar to ox-LDL
training, we found that general methyltransferase inhibition
with MTA prevented the induction of immune memory (48).
However, future work should specifically identify the epigenetic
modifications required for palmitic acid memory. Recently,
ATAC-sequencing analysis was published from lean and obese
adipose tissue macrophages suggesting a role for the transcription
factor ETV5 in adipose macrophage activation (58). ETV5 was
significantly decreased in adipose macrophages from obese mice
and in BMDMs treated with palmitate. Additionally, palmitate has
been shown to increase JMJD3, a histone demethylase, in BMDMs
(59). Together, these data support the premise that palmitate and

10.3389/fimmu.2022.984859

obesity can induce epigenetic changes in macrophages and future
work should examine how innate immune memory to palmitate
may be different.

Importantly, we also show that weight loss induces this
metabolic form of innate immune memory in vivo, which may
exacerbate inflammation and diabetes risk upon weight regain.
Adipose macrophages produce more TNFo after weight regain,
which could be one plausible link. Macrophage cytokine
production can directly promote adipocyte lipolysis and
impair insulin signaling in obesity (19), which suggests a local
mechanism by which weight cycling impairs glucose tolerance.
However, recent experiments within our group suggest weight
cycling does not worsen peripheral insulin resistance compared
to obese animals, but rather impairs pancreatic insulin secretion
(60). It is therefore plausible that secreted factors could reach
other organs like the pancreas to promote dysfunction. Even
more provocative, immune cells could possibly migrate from
adipose tissue to other tissues. Alternatively, weight loss
mobilizes lipid release from the adipose tissue (61), and it is
possible that metabolic macrophage memory development could
occur in tissues like the pancreas. While we did not assess
pancreatic macrophages in this study, we show that liver
macrophages have increased TNFo production following
weight cycling. A third possibility is that innate immune
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memory may be initiated in the bone marrow prior to
recruitment upon weight regain, and recruited cells may also
infiltrate the pancreas. Interestingly, other models of innate
immune memory occur in the bone marrow through IL-1B
and IFN signaling (62); however, we cannot consistently
measure cytokines in the plasma of our mice. Future work will
directly interrogate these potential mechanisms to link enhanced
macrophage inflammation, weight cycling, and worsened
glucose tolerance.

There are a few noteworthy limitations to this study. First,
only male mice were used in weight cycling studies in this report.
While palmitic acid induced innate immune memory in both
male and female BMDMs used for cell culture experiments, our
published data indicate only a small change in glucose tolerance
in female mice following weight cycling (21). There was only a
very modest increase in iAUC for glucose tolerance compared
with the obese mice (7833 v. 9994, p= 0.04). In the literature, it is
well established that young female mice have very little weight
gain and adipose expansion upon an initial exposure to high fat
diet, and thus, the magnitude of initial priming may be
important. We are currently testing new models to determine
if aging, different time on diet, or gonadectomy affect weight
cycling in female mice. Interestingly, the study by Napier and
colleagues showed that both a ketogenic diet and palmitate oral
gavage can induce innate immune memory and worsen LPS-
induced sepsis in female mice (55). Coupled with the data that
lipolysis mobilizes different lipid species in males and female
mice (63) and the fact that female mice have lessened
macrophage inflammation with weight gain and weight loss
(51), these data provide support for our hypothesis that weight
loss releases palmitate from male adipose tissue which may be [at
least] one stimuli for innate immune memory in our model.
Future work may further study the role of sex hormones or lipid
species in the induction of innate immune memory with
palmitic acid and weight cycling.

A second limitation is that it is not known whether
metabolic memory is observed in human weight cycling or the
extent to which humans would need to lose and gain weight.
One final limitation is that our model relies on a switch from
high fat to low fat diets. We have observed worsened glucose
tolerance in response to pair feeding (weight loss on high fat
diet) (60), and we expect other models of weight loss with lipid
mobilization to prime adipose macrophages; however, we have
not assessed macrophage activation following other models of
weight loss like calorie restriction or bariatric surgery. Future
experiments should work to further identify metabolic memory
in female mice, humans, and following different types of weight
loss, including weight loss following gastric bypass, drug therapy,
exercise, or other diets.

Taken together, our data add to the growing body of
literature which shows that while weight loss restores systemic
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glucose tolerance, it does not restore the adipose immune
landscape. We also identify palmitic acid, adipose conditioned
media, and weight loss as stimuli for innate immune memory
development. This is physiologically important because weight
regain worsens risk for diabetes and other diseases, and adipose
macrophage metabolic memory may be one mechanistic link for
this association. Future studies should investigate the causal role
of metabolic memory and find potential therapeutic targets to
alleviate weight cycling-accelerated disease.
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