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Weight loss independent changes in adipose
tissue macrophage and T cell populations after
sleeve gastrectomy in mice
Henriette Frikke-Schmidt 1, Brian F. Zamarron 2, Robert W. O’Rourke 1,3, Darleen A. Sandoval 1,
Carey N. Lumeng 2, Randy J. Seeley 1,*
ABSTRACT

Objective: In addition to adipocytes, adipose tissue contains large numbers of immune cells. A wide range of evidence links the activity of these
cells to regulation of adipocyte and systemic metabolic function. Bariatric surgery improves several aspects of metabolic derangements and at
least some of these effects occur in a weight-loss independent manner. We sought to investigate the impact of vertical sleeve gastrectomy (VSG)
on adipose immune cell frequencies.
Methods: We analyzed the frequencies of immune cells within distinct adipose tissue depots in obese mice that had VSG or sham surgery with a
portion of the latter group pair-fed such that their body mass was matched to the VSG animals.
Results: We demonstrate that VSG induced a shift in the epididymal adipose tissue leukocyte profile including increased frequencies of CD11c�

macrophages, increased frequencies of T cells (CD4þ, CD8þ, and CD4�/CD8� T cells all increased), but a significantly decreased frequency of
adipose tissue dendritic cells (ATDC) that, despite the continued high fat feeding of the VSG group, dropped below control diet levels.
Conclusions: These results indicate that VSG induces substantial changes in the immune populations residing in the adipose depots inde-
pendent of weight loss.

� 2017 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Bariatric surgery is currently the most successful treatment for obesity
and is the only therapeutic option that also causes sustained sub-
stantial reduction of type 2 diabetes [1]. Consequently, there is great
interest in understanding the underlying mechanisms that produce
these potent benefits. While many have hypothesized “mechanical”
explanations for these effects (i.e. meal-size restriction and/or
malabsorption), such mechanisms do not account for the broad effects
on physiology seen after surgery [2,3]. In support of this, the metabolic
effects of the two most commonly used operations, Roux-en Y gastric
bypass and vertical sleeve gastrectomy (VSG), result in surprisingly
similar physiologic and behavioral effects despite the gross anatomic
differences. Both surgeries alter gut hormones, bile acids, insulin
sensitivity, and inflammatory markers in a manner that is independent
of weight loss and is hypothesized to have significant impact on
systemic metabolism [4]. Adipose tissue itself also shows weight-
independent changes in response to bariatric surgery, such as
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alterations in fat pad distribution and adipocyte size, adipokine
secretion, and inflammatory markers [5e8], which underscores a
potential link between adipose tissue and systemic metabolic im-
provements after surgery.
The hallmarks of obesity include adipocyte hypertrophy, fat mass
expansion, and increased accumulation within the adipose tissue of
leukocytes involved in both innate and adaptive immune responses.
Obese visceral fat contains more than 1 million immune cells per gram
of tissue [9]. These leukocytes contribute to local, chronic inflamma-
tion and have been hypothesized to drive obesity-associated insulin
resistance as several inflammatory cytokines and adipokines interfere
directly with insulin sensitivity and insulin secretion [10,11]. Macro-
phages make up a majority of the leukocyte infiltrate in obese adipose
tissue. These adipose tissue macrophages (ATMs) tend to polarize
towards a pro-inflammatory phenotype [12]. Two primary types of
ATMs have been identified based on the expression of CD11c. Lean
mice and humans have a preponderance of a resident population of
CDllc� ATMs while individuals with obesity have an accumulation of
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Figure 1: Body weight. Body weight trajectory throughout the study. Control mice
maintained on control diet throughout the experiment (black circles), HFS group (white
squares), pair-fed mice (white rhombus), and VSG group (white triangles). All mice had
ad libitum access to food throughout the study except the HF pair-fed group. After
surgery, these mice were fed the amount of food ingested by the VSG group. Arrow at
the x-axis indicates surgery day. *p < 0.05, **p < 0.01, ***p < 0.001 as compared to
chow control group; yp < 0.05, yyp < 0.01, yyyp < 0.001 as compared to HF sham

FACT BOX ON THE IDENTIFIED IMMUNE CELL POPULATIONS

CDC11c� ATMs

The resident macrophage population found in lean adipose tissue expresses relatively higher expression of genes typically up-regulated in

alternatively activatedM2-like macrophages including CD206 and Arginase. These macrophages express little to no pro-inflammatory cytokines

and are thought to potentially play a role in maintaining adipose tissue homeostasis.

CD11c+ ATMs

CD11c+ macrophages accumulate in adipose tissue during obesity where they cluster around dying adipocytes forming what’s known as crown-

like structures. They have increased expression of pro-inflammatory genes and have been associated with glucose intolerance and insulin

resistance.

CD4+ T cells

CD4 is a co-receptor expressed on a subset of T cells that respond to antigen presented by antigen presenting cells expressing MHC-II. CD4+ T

cells can be further subdivided between helper T cells, which provide cytokine signaling help to other leukocytes, and regulatory Foxp3+ T cells

which modulate and control inflammatory responses. During obesity pro-inflammatory TH1 cells, which express IFNg, accumulate in adipose

tissue and eventually outnumber the regulatory T cells and TH2 cells present in lean adipose tissue.

CD8+ T cells

T cells expressing CD8 can be activated to become cytotoxic T cells which produce high amounts of IFNg and are capable of killing other cells

in an antigen-specific manner. Activated CD8+ T cells accumulate in visceral adipose tissue with obesity and are thought to contribute to the

inflammatory milieu.

ATDC

ATDCs are one of the professional antigen presenting cells, along with macrophages and B cells, meaning they can present antigen to, and

activate, CD4+ or CD8+ T cells. Their role in adipose tissue is not well understood and has been complicated by limited unique surface markers

that would allow for separation of ATMs from ATDCs.
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CD11cþ ATMs that have a lysosomal activation phenotype [13]. Adi-
pose tissue dendritic cells (ATDCs) are another distinct myeloid cell
population that independently contributes to adipose tissue inflam-
mation [14]. Both CD8þ and CD4þ T cells also accumulate in adipose
tissue of obese animals and are thought to partner with ATMs to
promote a pro-inflammatory environment [15,16]. Recent studies
suggest that not only do leukocytes impact the function of the adi-
pocytes but adipocytes can also alter immune cell responses e both
by mechanisms that involve non-inflammatory interactions [17]. In
addition to this, it is well established that the gut microbiota changes
with bariatric surgery as well [18,19], and these changes may alter
overall immune function as well.
In light of this, the goal of our study was to investigate if VSG would
change adipose tissue leukocyte populations differently from identical
weight loss obtained by calorie restriction in the context of obesity.

2. RESEARCH DESIGNS AND METHODS

2.1. Animals and surgery
All animal experiments were approved by the Institutional Animal
Care & Use Committee at the University of Michigan (Animal Use
Protocol # PRO00005678). Six weeks old male C57BL6/J mice (The
Jackson Laboratory, Bar Harbor, ME, USA) were initially group housed
and fed a 60% high-fat diet (D12492, Research Diets, New Bruns-
wick, NJ, USA) or control diet (5LOD irradiated diet, Labdiet, St. Louis,
MO, USA), ad libitum for 12 weeks prior to surgery. Two weeks prior
to surgery, the mice were single-housed. Mice were then stratified
into 4 different groups based on bodyweight immediately before
surgery: 1) Lean control group (control), mice maintained on control
diet throughout the experiment with no surgery performed; 2) High fat
sham group (HFS), mice maintained on ad libitum high fat diet
318 MOLECULAR METABOLISM 6 (2017) 317e326 � 2017 Published by Elsevier GmbH. This is
throughout the study and receiving sham surgery to control for effect
of surgery; 3) VSG group (VSG), mice maintained on ad libitum high
fat diet throughout the study both before and after receiving VSG
surgery. Food intake was monitored on a daily basis after surgery. 4)
Pair-fed group (pair-fed), mice with ad libitum access to high fat diet
before sham surgery. After sham surgery, pair-fed mice were
(Tukey post-hoc tests upon one-way ANOVA). Data are mean � SEM.
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Figure 2: Scatter plots for identified immune populations. Scatter plots including gating strategy for all identified immune cell sub populations within a representative eWAT
sample from the HFS group. A) Leukocytes were identified as CD45þ positive cells of the stromal vascular fraction of cells present in adipose tissue. B) ATMs were gated off the
CD45þ leukocytes and identified as being CD64þ. Dendritic cells were gated off the CD45þ leukocytes and identified as being CD64�/CD11cþ. C) ATMs were further identified
as being CD11c� or CD11cþ. D) T cells were gated off the CD45þ leukocyte population and identified as CD3þ. E) T-cells subpopulation were gated off the CD3þ T-cell
population and identified as CD8þ, CD4þ, or double negative (CD4�/CD8�).
administered the average amount of high fat diet ingested by the VSG
group the day before. VSG and sham surgeries were performed under
isoflurane anesthesia as described previously [20]. Briefly, the lateral
80% of the stomach was resected, leaving a tubular gastric remnant
in continuity with the esophagus proximally and the pylorus distally.
The sham procedure involved the application of pressure on the
stomach with blunt forceps along a vertical line between the
esophageal sphincter and the pylorus. The first 4 days following
surgery, the mice were administered a liquid diet (Osmolite 1 Cal). A
few postoperative deaths (mainly within the first few days after
surgery) yielded final group numbers of n ¼ 12 for HFS mice, n ¼ 12
in the pair-fed group, and n ¼ 13 in the VSG group. Body weights
were measured daily for the first 2 weeks after surgery and then
weekly thereafter. Body composition analysis took place 8 weeks
after surgery (EchoMRI, Echo Medical Systems, Houston, TX, USA)

2.2. Blood sampling and analysis
Fed and fasted plasma levels of non-esterified free fatty acids (FFA)
were sampled 5 weeks after surgery. Fed plasma FFA samples were
obtained 1 h after the dark cycle to match feeding initiation. Blood was
obtained by cutting the tail and collecting blood in tubes containing NaF
(Ram Scientific, Yonkers, NY, USA). Immediately after this initial blood
sampling, mice were fasted for 16 h before another blood sampling
was performed. Plasma FFA was analyzed with a fluorometric FFA
assay kit (Cell Biolabs, San Diego, CA, USA), and delta FFA was
calculated as FFA(fasted) minus FFA(fed). Blood sampling for insulin
took place 6 weeks after surgery. Food was removed in the morning
and blood was obtained via the tail vein after a 4 h fast. Blood glucose
measurements were performed with handheld glucometers. Insulin
levels were measured using an ultrasensitive mouse insulin ELISA kit
(Chrystal Chem, Downers Grove, IL, USA).
MOLECULAR METABOLISM 6 (2017) 317e326 � 2017 Published by Elsevier GmbH. This is an open access
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2.3. Euthanasia and fat pad processing for immune cell analysis
On the day of euthanasia, mice were anesthetized with isoflurane and
blood was collected into EDTA vacutainers after a cardiac puncture.
Immediately after this, bilateral pneumothorax was induced, and the
carcass was perfused with 10 ml PBS before fat pads were excised.
Epididymal (eWAT) and inguinal (iWAT) white adipose tissues were
dissected whole and weighed. Tissues were stored in PBS until mincing
in RPMI culture medium (Gibco, Gaithersberg, MD, USA) containing
0.5%BSA. Collagenase (Type II; SigmaeAldrich Inc., St Louis, MO, USA)
was added to a final concentration of 1 mg/ml and tissue suspensions
were incubated at 37 �C for 40 min with constant shaking. The resulting
cell suspensions were filtered through a 100-mm filter and centrifuged
at 500g for 10 min to separate floating adipocytes from the stromal
vascular cells (SVC)-containing pellet. For flow cytometry, SVCs were
incubated in 0.5 ml RBC lysis buffer for 5 min at room temperature and
then resuspended in PBS/0.5% BSA prior to incubation in Fc Block (rat
anti-mouse CD16/CD32; eBioscience, San Diego, CA, USA) for 15 min
on ice. Cells were stained with the indicated antibodies for 30 min at
4 �C in the dark (CD45, CD8, CD3, CD4, and CD11c, eBioscience, San
Diego, CA. CD64, BD Pharmingen, Franklin Lakes, NJ, USA). Stained
cells were washed twice in PBS and fixed in 0.1% paraformaldehyde.
Cells were analyzed using a FACSCanto II Flow Cytometer (BD Bio-
sciences) and FlowJo flow cytometry software (Treestar Inc., Ashland,
OR, USA). Scatter plots showing the strategy for identifying the different
immune populations is given in Figure 2.

2.4. Plasma cytokines
Plasma obtained by cardiac puncture at the time of euthanasia was
analyzed by V-PLEX Plus Proinflammatory Panel 1 (mouse) Kit (Meso
Scale Diagnostics, Rockville, MD, USA) according to the manufacturers
guidelines.
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 319
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Figure 3: ATMs. CD11cþ and CD11c� ATMs in eWAT and iWAT, respectively. A) Percentage of all ATMs that are CD11cþ and CD11c�, respectively. B) Number of ATMs per g
tissue that are CD11cþ and CD11c�, respectively. C) Number of ATMs in whole depot that are CD11cþ and CD11c�, respectively. Symbols over the bars represent significant
differences between the total ATM populations. Significant differences between CD11cþ ATMs or CD11c� ATMs, respectively, are given in the table to the right of the graphs.
***p < 0.001 for control group versus HFS (effect of high fat diet); yp < 0.05, yyp < 0.01 for HFS compared to pair-fed group (effect of weight loss); zzp < 0.01 for pair-fed as
compared to VSG group (weight independent effect of VSG). Tukey post-hoc tests following a one-way ANOVA. Data are mean � SEM. N.S. is non significance between groups.
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2.5. Statistics
Statistical significance was tested by one-way ANOVA followed by
Tukey pairwise comparisons. To reduce the statistical symbols
included in the data figures (Figures 3 and 4), the post hoc tests were
reduced to show only the effect of high fat diet feeding (control versus
HFS), weight loss (HFS versus pair-fed), and weight independent effect
of surgery (pair-fed versus VSG). For an extensive overview of the
statistical differences between groups, tables of p values are given for
all groups compared to all groups in Supplementary Table 1. Prior to
statistical analysis, the ROUT outlier test with Q ¼ 1% was applied to
all datasets to exclude potential outliers. Datasets that did not meet the
requirements for equal variances were logarithm or square root
transformed prior to analysis. p < 0.05 was considered significant for
all tests. Statistical analyses were performed in Prism (version 5,
GraphPad Software, Inc., La Jolla, CA, USA).

3. RESULTS

3.1. Bodyweight and metabolic characteristics
Twelve weeks into the study control diet fed mice weighed
29.6 � 1.5 g and all high fat diet fed mice weighed 44.6 � 4.3 g
320 MOLECULAR METABOLISM 6 (2017) 317e326 � 2017 Published by Elsevier GmbH. This is
(Figure 1). By two weeks after surgery and throughout the remainder of
the study, the VSG group weighed significantly less than the HFS
group. By design, the pair-fed group had a similar body mass trajectory
as the VSG mice. Food intake in the HFS group was significantly
greater than in the VSG group for the first two weeks (data not shown)
but did not differ thereafter (data not shown).
At the time of euthanasia all 3 groups maintained on high fat diet had
significantly higher bodyweight than the control group (Table 1). Lean
body mass was slightly elevated in all high fat diet fed groups, but there
was no impact of surgery on lean mass (Table 1). The HFS group gained
more weight via body fat compared to the VSG group. There were no
significant differences between the VSG and the pair-fed group for any of
these parameters. iWAT and eWAT weights were higher in all high fat
diet fed groups as compared to the control diet group, but there was no
significant reduction in adipose tissue weight with VSG.
With high fat diet feeding, as compared to control diet feeding, glucose
and insulin levels were compromised, reflected in both being signifi-
cantly elevated after a 4 h fast. However, no significant improvement
was found with VSG in this study. Plasma FFA in the fed and the fasted
state, respectively, did not differ between any of the groups. Yet, when
calculating the delta FFA values representing the capacity of adipose
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: T cells. T cell populations within eWAT and iWAT, respectively. T cells are either CD3þ T cells, CD8þ T cells or double negative T cells. Statistical significance of
differences between groups are given by symbols on top of the bars for the total height of the bar or by symbols in the table to the right for the individual T cell populations. A)
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group (effect of high fat diet); yp < 0.05, yyp < 0.01, yyyp < 0.001 for HFS compared to the pair-fed group (effect of weight loss); zp < 0.05, zzp < 0.01, zzzp < 0.001 for pair-
fed as compared to VSG group (weight independent effect of VSG). Tukey post-hoc tests upon one-way ANOVA. Error bars are SEM. N.S. is non significance between groups.
tissue to adapt to change in energy status with fasting, there was a
significant weight-loss independent improvement with VSG
3.2. ATM populations
Within the adipose tissues, CD45þ/CD64þ cells (see Figure 2) were
identified as ATMs and then further characterized as CD11cþ or
Table 1 e Metabolic parameters.

Measure Time post-surgery Contro

Total body weight (g) 8 weeks 29.2 � 1
Weight gain after surgery (g) 8 weeks �0.4 � 1
Fat mass (g) 8 weeks 2.7 � 0.4
Lean body mass (g) 8 weeks 23.6 � 1
eWAT weight (g) 8 weeks 0.45 � 0
iWAT weight (g) 8 weeks 0.26 � 0
Plasma insulin after 4 h fast (ng/ml) 6 weeks 0.38 � 0
Blood glucose after 4 h fast (mg/dl) 6 weeks 135 � 18
Plasma FFA in the fed state (uM) 5 weeks 173 � 57
Plasma FFA after 16 h fast (uM) 5 weeks 435 � 75
Delta FFA (fast minus fed) (uM) 5 weeks 262 � 62

End points of metabolic relevance. Values are given as mean � std deviation. *p < 0.05,
yyp < 0.001 as compared to the HFD group; zzp < 0.01, zzzp < 0.001 as compared to t
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CD11c� (for a description of these ATM subtypes see the Fact Box). In
both eWAT and iWAT, the majority of macrophages were CD11c�

(Figure 3A). The frequency of CD11cþ macrophages increased with
high fat diet feeding in both eWAT and iWAT. Weight loss (pair-fed
compared to HFS) led to significant reduction of the frequency of
CD11cþ ATMs in eWAT but not iWAT, and VSG caused a weight-
independent reduction of CD11cþ ATMs (VSG compared to pair-fed).
l HFS Pair-fed VSG

.7 52.3 � 4.2*** 48.3 � 4.9*** 45.5 � 7.0***;yy

.0 7.8 � 2.5** 3.1 � 2.9 1.5 � 5.4yy

19.5 � 2.9*** 16.1 � 3.1*** 14.9 � 5.0***;yy

.1 26.5 � 1.4*** 25.3 � 1.5* 25.8 � 1.4**

.12 2.03 � 0.64*** 2.36 � 0.46*** 2.28 � 0.91***

.05 1.88 � 0.31*** 1.86 � 0.45*** 1.73 � 0.82***

.09 2.75 � 1.75*** 1.79 � 0.73*** 2.01 � 1.16***
190 � 18*** 164 � 26 178 � 35**
244 � 63 243 � 63 213 � 95
408 � 94 356 � 93 432 � 138
164 � 106 113 � 61** 219 � 118z

**p < 0.01, ***p < 0.001 as compared to the chow group; yp < 0.05, yyp < 0.01,
he pair-fed group.
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*p < 0.05, ***p < 0.001 for control diet fed versus HFS group (effect of high fat diet);
zzp < 0.01, zzzp < 0.001 for pair-fed as compared to VSG group (weight independent
effect of VSG). Tukey post-hoc tests upon one-way ANOVA. Error bars are SEM. N.S. is
non significance between groups.
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respectively.
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Expressing the ATM content relative to tissue weight (Figure 3B)
demonstrated that high fat diet feeding greatly increased the number
of CD11cþ ATMs in eWAT and iWAT. With weight loss there was a
large reduction in the overall number of ATMs (pair-fed versus HFS).
Despite the lack of significant changes in weight-independent effect of
VSG on total ATM number, Figure 3B indicates that the relative in-
crease in CD11c� ATMs was due to more of these ATMs being present
rather than a reduction in the CD11cþ type.
Expressing ATMs relative to the whole depot (Figure 3C) revealed a
similar pattern as when expressed relative to tissue weight. The
322 MOLECULAR METABOLISM 6 (2017) 317e326 � 2017 Published by Elsevier GmbH. This is
number of CD11cþ ATMs was more than 70-fold higher in the HFS
group compared to the controls and 13-fold higher for the CD11c�

ATMs, which gives a powerful indication of how many macrophages
are recruited with obesity. When depicting the total number of all
macrophages together with all other immune cells (Figure 6), it was
found that there were fewer macrophages per total number of immune
cells in the eWAT with surgery (40.21 � 11.3% in HFS versus
22.27 � 2.98% in the VSG group. p < 0.001, one-way ANOVA with
Tukey post hoc test).

3.3. T cell populations
In the current study, we identified T cells as being CD45þ/CD3þ. This
population was further divided into CD4þ T cells and CD8þ T cells as
well as the double negative T cells (CD4�/CD8�) (see Figure 2 as well as
the Fact Box for a description of each of the T cell types). Figure 4A
shows the relative frequencies of the subpopulations of all CD3þ T cells.
In eWAT, the CD8þ T cell population was increased with high fat diet
feeding in general, but there was no effect of VSG. In contrast, the
frequency of CD4þ T cells was increasedwith VSG compared to HFS and
pair-fed groups (see statistics in Supplementary Table 1). The double
negative T cells did not respond to diet but were decreased in the VSG
group as compared to controls (see statistics in Supplementary Table 1).
No changes in T cell frequency were observed within the iWAT.
When calculating the number of T cells relative to tissue weight
(Figure 4B), there was a significant weight independent upregulation of
the number of T cells per g eWAT with VSG within all subpopulations.
The T cell response in iWAT, however, did not change with diet or
surgery. The T cell numbers relative to the whole depot (Figure 4C)
showed that manifold T cells were present with high fat diet feeding in
both eWAT and iWAT.
Within the high fat diet fed groups, regardless of surgery, the pattern
remained similar to what was observed by expressing the cell content
relative to tissue weight. Figure 6A shows that the increase in T cells in
eWAT is not matched by any of the other types of immune cells, leaving
T cells to constitute a larger proportion of the leukocyte population than
any of the other groups.

3.4. ATDC cell population
ATDCs were identified as CD45þ/CD64�/CD11cþ positive cells (see
Figure 2 as well as the Fact Box for a description of this cell type). As
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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there was no further characterization of dendritic cell subpopulations in
the current study, their frequency distribution was characterized as
percentage of all immune cells (Figure 5A). Overall, we found that even
though the total number of ATDCs increased with high fat feeding in
both depots (Figure 5B,C), this was not reflected with a similar
magnitude of change in the ratio of ATDCs to all leukocytes. With VSG,
however, the number of ATDCs did not change (Figure 5B,C) whereas
the ratio of ATDCs to all other immune cells significantly decreased to
levels that were lower than in the control group in both eWAT and iWAT
(Figure 5A).

3.5. Plasma cytokines
Plasma cytokines (IL-1b, IL-2, IL-5, IL-6, IL-10, IFNg, and TNFɑ) were
measured in samples obtained at the time of euthanasia, and the
values are given in Table 2. High fat diet feeding resulted in significant
increases of IL-2 and IFNg. No changes were found between the HFS
and pair-fed groups. Yet with VSG all measured cytokines, except IL-2
and IL-5, increased manifold as compared to the weight matched pair-
fed group.

4. DISCUSSION

4.1. VSG’s effect on ATMs
In this study, we found several weight-loss independent effects of VSG
on the adipose tissue immune populations. As expected, high fat feeding
caused an accumulation of CD11cþ ATMs that was reversed with
weight loss (Figure 3B,C). But with VSG, more CD11c� ATMs were
found in the tissue than in the pair-fed group (Figure 3B,C). The end
result being that the ratio between these two types of ATMs was brought
back to control levels (Figure 3A). The CD11c� ATMs are known to be
involved in adipose tissue remodeling [21], and these data indicate that
VSG might improve this function helping the adipose tissue to remodel
as weight is rapidly lost. An additional issue raised by these results is the
potential for caloric restriction to increase lipolysis, which can alter
leukocyte populations within the adipose tissues [22]. However, in the
current study, food intake in the VSG and pair-fed groups was only
decreased during the initial weeks after surgery, which is a common
effect found after VSG in mouse models [23]. For the remaining 6 weeks
of this study, there was no significant difference in food intake as
compared to the ad libitum fed HFS mice, which limits the degree to
which this may have contributed to the current results.

4.2. VSG’s effect on T cells
With obesity, an accumulation of CD8þ and CD4þ T cells precedes
macrophage infiltration and may promote their recruitment to obese
adipose tissue [15]. In our study, we found that high fat diet feeding
induced an increased frequency of CD8þ cells whereas with VSG there
was a weight-independent relative increase in the frequency of CD4þ T
Table 2 e Plasma cytokines.

Cytokine Control HFS

IL-1b (pg/ml) 0.566 � 0.630 0.236 � 0.010
IL-2 (pg/ml) 2.65 � 2.16 0.833 � 0.412
IL-5 (pg/ml) 2.98 � 1.16 2.70 � 0.632
IL-6 (pg/ml) 8.62 � 5.26 16.5 � 9.80
IL-10 (pg/ml) 16.8 � 3.89 20.4 � 5.47
IFNg (pg/ml) 1.84 � 1.54 0.241 � 0.068
TNFɑ (pg/ml) 9.10 � 3.48 10.5 � 5.04

Plasma cytokine concentrations. Values are given as mean � std deviation. *p < 0.05, *
yyyp < 0.001 as compared to HFS group; zzp < 0.01, zzzp < 0.001 as compared to pair
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cells out of all T-cells (Figure 4A). This change brought the ratio be-
tween these two populations of T cells back towards the lean
phenotype. Yet the most drastic change in the T cell populations was
the manifold increase in numbers (Figure 4B,C). From this dataset, we
cannot conclude on the further characterization of these T cell pop-
ulations in terms of pro- or anti-inflammatory phenotypes nor on the
source of this T cell accumulation. There are reports, however, that T
cell proliferation is altered in mice exposed to gut microbiota from high
fat fed mice [24]. Given that the microbiome is profoundly altered after
bariatric surgery and has been linked to other beneficial effects of
surgery [25], it opens up the hypothesis that alterations in the
microbiome contribute to alterations in T cell populations that occur
after VSG.

4.3. VSG’s effect on ATDCs
We observed that the fraction of ATDC of all immune cells was
drastically reduced with surgery in eWAT as well as iWAT (Figure 4A).
This could be an artifact of other cell types being increased with
surgery (such as the T cells). Nevertheless, it is possible that the
reduced ratio of ATDCs can contribute to altered immune function in
adipose tissue that may contribute to improvements in metabolic
function. Very little is known about the function of ATDCs in adipose
tissues. A report from Zlotnikov-Klionzky et al. unexpectedly found that
deletion of perforin positive dendritic cell populations had a high impact
on metabolic phenotype as mice lacking perforin positive dendritic
cells gained weight while being maintained on a control diet, were
glucose intolerant and insulin resistant, and had increased blood lipids
[26]. ATDCs may also contribute positively towards promoting adipose
tissue inflammation and are regulated by CCR7-dependent recruitment
into adipose tissue of obese mice [14]. Our observations suggest that
signals that sustain ATDCs may be dampened by VSG. Since both ATM
and ATDC have the capacity to control T cell fates as antigen pre-
senting cells, it is possible that the suppression of ATDC and the
expansion of adipose tissue T cells are mechanistically linked.

4.4. Possible mechanisms for how VSG can alter the leukocyte
populations
A key question emerges with this data set. How can VSG produce these
alterations in the immune populations in adipose tissue? The current
data cannot answer this question, but it is well documented that
bariatric surgeries produce dramatic and long-lasting alterations to the
gut microbiota [18,19], and T cells from the gut can migrate to adipose
tissue [27]. These findings raise the possibility that microbiota changes
could manifest themselves as changes in immune population in other
sites. Another possible link between surgery and the immune system is
changing bile acid levels. Both VSG and RYGB are associated with
increased circulating bile acids [28]. Bile acids have been shown to
reduce the pro-inflammatory capability of macrophages [29], and we
Pair-fed VSG

0.142 � 0.076* 1.73 � 1.33*,yyy,zzz

* 0.945 � 0.193 1.85 � 0.698yy

2.08 � 0.612 1.83 � 0.545*
10.5 � 5.24 79.5 � 70.7***,yyy,zzz

14.1 � 2.89 37.0 � 15.7***,yy,zzz

1** 0.302 � 0.128* 1.82 � 1.52yyy,zz

7.60 � 2.59 20.9 � 10.9**,y,zzz

*p < 0.01, ***p < 0.001 as compared to control diet group; yp < 0.05, yyp < 0.01,
-fed group.
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have previously reported that mice that lacked the nuclear bile acid
receptor FXR had dramatically reduced effects of VSG on both body
weight and glucose regulation [23].

4.5. Metabolic parameters and cytokine plasma levels
As stated in the introduction, bariatric surgery not only causes long
lasting weight loss with the associated health benefits but also im-
proves glucose control in a weight independent manner. Mice exposed
to the high fat diet gained substantial body fat when compared to the
control group (Figure 1), and insulin and glucose levels were both
elevated. We did not find weight independent improvements in glucose
and insulin levels after 4 h of fasting with VSG, yet these changes are
often more difficult to detect in mouse models after surgery [30e32].
The capacity of the adipose tissue to release FFA as a response to
fasting (Table 1) was not significantly undermined by high fat feeding
albeit there was a trend for increased levels in the fasted state. In
contrast, we found that the ability of the adipose tissue to increase FFA
secretion when transitioning from the fed to the fasted state (delta FFA)
was improved with surgery, which suggests an improved metabolic
responsiveness of the adipose tissue per se.
The cytokine levels in plasma detected with high fat feeding were
remarkably similar to the control group with only IL-2 levels decreasing
and IFNg levels increasing (Table 2). Despite obesity being categorized
as a low chronic inflammatory condition, the cytokine changes in
plasma from high fat fed mice as compared to lean control mice are
often small in magnitude [33e35]. Yet in the VSG group, all measured
cytokines changed drastically. Several cytokines were upregulated (IL-
1b, IL-6, IFN-g, and IL-10), and these were a mix of pro-inflammatory
(IL-1, IFN-g) and anti-inflammatory (IL-10, IL-6) cytokines. Whether
this is relevant to the metabolic improvements observed after surgery
is unclear, yet it indicates that the immune environment is significantly
altered with VSG which fits with the potent upregulation of T cells
present in the eWAT. Recently, there has also been evidence that some
cytokines can act directly on systemic metabolic changes via immune
cells, such as IL-1b being produced by peritoneal macrophages in
response to feeding and subsequently acting on the pancreatic b cells
to increase insulin secretion [36]. In the light of this, there is even more
reason to believe that changes in the immune cells/cytokines after
surgery could be relevant to metabolic improvements after surgery.
Overall, these findings suggest that VSG drastically altered the systemic
inflammatory environment without causing either disturbances or im-
provements in glucose metabolism. In contrast, the adipose tissue
responsiveness to feeding and fastingwas improved. Despite themajority
of changes being found in the eWAT only, this could still be considered of
relevance to the metabolic response as the visceral adipose tissue is
considered far more metabolically active and as it contains far greater
number of leukocytes [37]. In addition to the described changes in the
ATMs, the T cells, and the ATDCs, Figure 6 also shows that there are non-
characterized leukocyte populations that increase in number with diet
(eWAT and iWAT) and surgery (only eWAT). This population most likely
represents neutrophils, mast cells, and eosinophils. Future work will be
required to identify these cell types.

4.6. Potential metabolic impact of the leukocyte changes
In our study, we found that many of the weight-independent effects of
VSG in adipose tissue resulted in immune cell populations changes that
were more similar to the patterns found in the control group than in the
HFS group. Interestingly, several of these changes took place in a
manner that could contribute towards metabolic improvement. These
included fewer CD11cþ ATMs and a 3-fold increase in CD4þ T cells
and double-negative T cells. The CD11cþ ATMs are commonly
324 MOLECULAR METABOLISM 6 (2017) 317e326 � 2017 Published by Elsevier GmbH. This is
upregulated with adipose inflammation, and CD11c� ATMs have a role
in remodeling of adipose tissue [21]. Overall, this suggests that the
adipose tissue has a greater capacity to recover from obese inflam-
mation after VSG than after calorie restriction. The CD4þ T regulatory
cells have been shown to be responsible for maintaining insulin
sensitivity, and boosting the number of these cells can improve the
insulin sensitivity in obese mice [38]. In this study, we did not see
significant improvement of insulin sensitivity with VSG, an effect that
can be hard to detect in mouse models [30e32]. Hence, we cannot
confirm nor reject the metabolic significance of these T cell changes. It
is important to keep in mind, however, that we only investigated the T
cells in the adipose tissue and that we did indeed find an improved
metabolic responsiveness of this tissue to secrete FFAs. T cell pop-
ulations in other organs or the circulation could have shown other
changes. To the best of our knowledge, there are no reports on the
double-negative T cells being linked to metabolic outcomes, but,
interestingly, this particular T cell population has been implicated as
being protective of autoimmune destruction of beta cells in type 1
diabetes [39].

5. CONCLUSION

In summary, we found that VSG in HFS fed mice altered the immune
cell populations residing in the eWAT in a weight-independent manner.
The CD11c� ATM population increased in number causing an altered
ratio of the CD11cþ/CD11c� ATMs in eWAT. The T cell populations
(CD4þ, CD8þ, and double negative T cells) all expanded 3-fold and
there was a significant drop in the proportion of ATDCs. Also we found
that the FFA response to feeding and fasting was significantly
enhanced with surgery and that VSG induced a significant upregulation
of cytokine levels in plasma. These strong weight-independent
changes in immune populations after surgery suggests that the im-
mune system could play a significant role in the weight-independent
adipose metabolic improvements observed after VSG in rodents.
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