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Abstract

Bariatric surgery is on the rise for long-term weight loss and produces various positive
metabolic health benefits. The mechanisms that produce surgical weight loss are not yet
fully understood. Previous studies showed vertical sleeve gastrectomy prior to gestation
resulted in reduced peripheral blood lymphocytes measured during pregnancy due to an
undetermined etiology. Further, elevated splenic weight has been associated with vertical
sleeve gastrectomy surgery. We hypothesized that perhaps altered splenic filtration was
trapping circulating lymphocytes and thus reducing peripheral blood lymphocytes in circu-
lation and contributing to increased spleen weight. We posited whether removal of the
spleen concomitant with the stomach surgery may result in an improved immune pheno-
type. We evaluated female long Evans rats having received Sham surgery or vertical sleeve
gastrectomy, with or without splenectomy to determine the contribution of the spleen on metabolic and immune factors after
vertical sleeve gastrectomy. Vertical sleeve gastrectomy animals lost significant amounts of body mass and fat mass and ate less
in comparison to Sham females during the first five post-operative weeks, but there was no specific effect of the loss of spleen on
body mass, fat mass, or food intake. During the post-operative week 6, animals were euthanized and blood recovered for cell
sorting of immune cells. There was a reduction in CD3+ total T cells, CD3/CD4+ helper T cells, and CD3/CD8+ cytotoxic T cells,
main effect of both bariatric surgery (P < 0.0001) and splenectomy (P < 0.01). Furthermore, there was a significant increase in
CD45RA+ B cells as a result of splenectomy (P < 0.001), but a significant reduction in B cells as a result of VSG surgery (P < 0.05).
The changes in total T cells but not B cells were strongly correlated with fat mass. Further studies are needed to understand the
cause of the immune changes after surgical weight loss.

Impact statement

Bariatric surgery and in particular vertical
sleeve gastrectomy are the fastest growing
means for robust amelioration of the
comorbidities of obesity. The ramifications
of the surgeries on immune health are of
important consequence because of the
connectivity of immunity with every organ
system. The current work reports on the
impact of the surgery on the spleen,
thymus, and peripheral blood in a rodent
model that mimics human surgical out-
comes. We demonstrate altered immune
health in the VSG rat.
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Introduction

Obesity is a disease of chronic low-grade inflammation'?

and along with its comorbidities is associated with eleva-
tions in circulating white blood cells (WBCs) and particu-
larly lymphocytes and neutrophils.> Aiming to identify
risk factors for elevated WBC counts, a study of 14,961
healthy women found that obesity contributed significantly
to the risk for high circulating WBCs.° In addition, obesity
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itself is associated with an enlarged spleen.” Though a host
of potential causes for elevated WBC counts in obesity exist,
the specific etiologies have not entirely been identified.
One potential factor is leptin, an adipokine secreted in pro-
portion to the level of adipose tissue mass and is greatly
elevated in obesity. Leptin has direct effects on hematopoi-
etic proliferation® and in particular T cell expansion.®
Furthermore, adipocytes themselves produce and release
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a host of inflammatory mediators, and with the expanded
adipose mass of obesity, higher levels of pro-inflammatory
mediators are released consequently which then influence
circulating levels of WBC.’ In parallel, as the adipose tissue
expands in obesity, pro-inflammatory immune cells infil-
trate the adipose tissue and in turn produce cytokines
that are released into circulation’™? specifically interleukin
6 (IL6), tumor necrosis factor alpha (TNFw), 111 and
C-reactive protein.””> The homing of these immune cells
to the adipose tissue occurs partly through the influence
of increased leptin secretion from the expanding
fat tissue.'* Taken together, elevated leptin, the altered
adipose immune cell populations and generalized pro-
inflammatory cytokine production may be contributors to
the elevations in WBC counts that both contribute to and
propagate the metabolic dysfunction of obesity.

Evidence exists that weight loss through non-surgical
(e.g. lifestyle modifications and pharmacologic aids) and
surgical methods has direct impact on peripheral blood
lymphocyte populations and cytokine production.”***¢ In
a study of women who reduced their bodyweight by 10%
through a multidisciplinary program of diet, exercise, and
behavioral counseling, cytokine levels were significantly
reduced.” Alternately, in a study following patients two
years after laparoscopic banding, both circulating lympho-
cyte and neutrophil levels declined in proportion to BMI
reduction.® Similarly, one year after gastric bypass, WBC
counts and C-reactive protein levels are significantly
reduced in contrast to levels prior to surgery.'® Finally,
four months after laparoscopic greater curvature plication,
a substantial reduction in CD4+ and CD8+ T cells was
reported.’”” Taken together, reduction of bodyweight
through surgical and non-surgical means reduces the cir-
culating cytokine burden and lowers the total number of
WBC. However, specific studies to determine whether the
levels of cytokines and WBC are lower than or similar to
control subjects who are of similar weight and had never
been overweight have not been undertaken.

Vertical sleeve gastrectomy (VSG) is the most common
form of surgical weight loss procedure performed currently
in the United States and its popularity is increasing. Thus,
understanding the impact of VSG on immune health is of
great importance. Using a rodent model of VSG, we previ-
ously reported reductions in peripheral blood leukocytes
(PBL) in gestational day 19 pregnant females in comparison
to lean and obese sham dams.'® Despite inclusion of both
weight- and diet-matched control dams that received sham
surgery in this study, we measured reduced PBL in the VSG
dams. At the time, we did not know whether this leukope-
nia was specifically the consequence of VSG or a side effect
of pregnancy following VSG. Additionally, during the
course of our studies using VSG, we have observed slightly
elevated spleen weights following VSG in both male and
female cohorts despite overall weight loss and treatment of
metabolic syndrome. This finding of elevated spleen
weight had been previously reported by others,'® but, in
general, remarks concerning the spleen have not been
included in any rodent or human literature following stud-
ies of VSG. Considering the role of the spleen in both the

maturation and filtration of WBC, the relationship between
these two immune findings was considered.

The spleen functions as the major site of destruction
of abnormal cell components in the blood.”” It is also the
major site of antibody production.”® Disease within the
spleen can cause either symptomatic splenomegaly result-
ing in lymphoproliferative or myeloproliferative disorders
or hypersplenism resulting in anemia, neutropenia, or
thrombocytopenia due to enlargement of the spleen.?**!
Further, pooling of platelets can occur in the enlarged
spleen, and some evidence exists that in this case, platelet
survival is shortened in splenomegaly.”* In the current
work, we hypothesize that the splenic enlargement we
identified in animals that received VSG surgery is produc-
ing lymphocyte entrapment within the spleen resulting in
sequestration of PBLs. We performed splenectomy in par-
allel with VSG and followed animals post-operatively to
determine if removal of the spleen improved the lympho-
penia. We characterized the peripheral blood lymphocytes
as a function of splenectomy and bariatric surgery and fur-
ther, sought to understand the molecular and histologic
impact to the VSG spleen.

Materials and methods

Animals

All procedures for animal use complied with the Guidelines
for the Care and Use of Laboratory Animals by the National
Institutes of Health and were reviewed and approved by
the University of Mississippi Medical Center Institutional
Animal Care and Use Committee.

Female long Evans rats (200-225g) (Harlan,
Indianapolis, IN) were initially multiply housed and main-
tained in a room on a 12/12-h light/dark cycle at 25°C and
50-60% humidity with ad libitum access to water. After one
week of acclimatization to the vivarium, female rats were
placed on palatable high-fat diet (HFD) (#D03082706,
Research Diets, New Brunswick, NJ, 4.54 kCal/g; 40% fat,
46% carbohydrate, 15% protein) for four weeks prior to
surgery. Animals were divided into sham-VSG or VSG
groups and further destined to remain with the spleen
intact or with splenectomy. In total, we used sham-intact,
n =7, sham-splenectomy, n=>5;, VSG-intact, n="7, VSG-
splenectomy, n=7.

Surgical procedures

Pre-operative care. Four days prior to surgery, body com-
position was assessed using EchoMRI analyzer (Houston,
TX). Animals were fed Osmolite OneCal liquid diet (Abbott
Laboratories, IL) but no solid-food for 24 h prior to surgery.

VSG. As previously described,'®?> VSG consisted of a
midline laparotomy with exteriorization of the stomach.
The stomach was easily articulated by removing ligaments
and connective tissue. The lateral 80% of the stomach was
excised using an ENDO GIA Ultra Universal stapler
(#EGIAUSHORT, Covidien, MA) coupled with an ENDO
GIA Auto Suture Universal Articulating Loading Unit,
45 mm-2.5 mm (#030454, Covidien, MA). A sleeve made



of gastric tissue in continuity with the esophagus and duo-
denum thus remained. This gastric sleeve was then reinte-
grated into the abdominal cavity and internal musculature
is sutured and external skin and fascia stapled using
wound clips.

Sham-VSG.. Sham surgery consisted of a midline laparot-
omy with exteriorization of the stomach. The stomach was
pressed with forceps for 3 s and then reintroduced into the
cavity. The overlying musculature and skin were closed in
layers using suture and followed by wound clips.

Splenectomy. In the case of splenectomy, when the stom-
ach was removed from the abdominal cavity during Sham
or VSG, the spleen was exteriorized, ligaments and the arte-
rial supply ligated and the spleen resected.

Post-operative care. Following surgery, all rats received
care for three days, consisting of once-daily subcutaneous
injections of 5 mL saline, 0.10 mL Buprenex® (0.05 mg/kg),
and 0.25 mL carprofen (5 mg/kg). Animals were main-
tained on Osmolite until food was returned three days fol-
lowing surgery.

Body weight, composition, and food intake. Body weight
was measured daily during the first post-operative week
and weekly until the end of the study. Echo magnetic reso-
nance imaging (echoMRI) whole-body composition analysis
(EchoMedical Systems, Houston, TX) was performed on all
rats at one week prior to surgery and five weeks post-
surgery to determine fat and lean body composition.

Fasting plasma glucose testing. During post-operative
week 5, rats were fasted 6 h after the onset of the light
cycle. Baseline tail vein blood glucose was measured by
Accu-Chek Aviva Plus™ glucometer and glucose strips
(Roche, Indianapolis, IN).

Cell isolation protocol. During the sixth post-operative
week, animals were euthanized by conscious decapitation
and total blood was collected for cell sorting at approxi-
mately 5 h after the start of the light cycle. Erythrocytes
were lysed using 1x PharmLyse (BD Biosciences) accord-
ing to the manufacturer’s instructions. Peripheral blood
leukocytes (PBL) were washed and resuspended in PBS
pH 7.4 containing 2% FCS and 0.09% sodium azide (stain
buffer); 5 x 10° cells were stained with immune cell specific
antibodies (BD Biosciences, Franklin Lakes, NJ) as follows:
CD8a (#561611), CD4 (#554837), CD3 (#554833), CD161a
(#555009) or CD45RA (#554881) at a concentration of
1:100 diluted in stain buffer for 30 min on ice. Cells were
then washed two times with 2 mL stain buffer and centri-
fuged at 350 x g for 5 min at 4°C. Cells were resuspended in
400 uL of stain buffer and immediately analyzed using a
Beckman Coulter Gallios analyzer at the UMMC Cancer
Institute Flow Cytometry Core Facility. Data were analyzed
using Kaluza software.
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RNA processing and real-time PCR. Tissue (spleen
and thymus) was flash frozen on methylbutane cooled on
dry ice, then stored in —80°C until further processing.
RNA was extracted using a QIAGEN miniprep RNA kit
(QIAGEN, Inc., Valencia, CA), and complementary
DNA was transcribed using an iScript complementary
DNA synthesis kit (Bio-Rad Laboratories, Hercules, CA).
Quantitative polymerase chain reaction was performed
on a step-one plus real-time PCR machine coupled with
StepOne Software (v2.3) (Applied Biosystems) using
TagMan inventoried gene expression assays (Life
Technologies, Foster City, CA).

Protein extraction and Western blot procedure. Splenic
tissue was flash frozen on methylbutane cooled on dry ice,
then stored at —80°C until use. Protein was extracted using
the Santa Cruz RIPA lysis buffer system (Santa Cruz
Biotechnology, Dallas, TX). Concentrations were deter-
mined using a Pierce BCA protein assay kit (Thermo
Scientific, Rockford, IL), and spectrometry was performed
with a Tecan Infinite 200 PRO. Protein was combined at a
1:1 ratio with Laemmli sample buffer (BioRad Laboratories,
Hercules, CA) and denatured at 95° C for 5 min. Protein
(40 ug) was loaded onto BioRad 4-20% polyacrylamide
Mini Protean TGX gels, and electrophoresis was performed
in a BioRad Tetra-Cell 2 gel system. Protein was then trans-
ferred to PVDF membranes using a BioRad Trans-Turbo
transfer system. Membranes were blocked for 1 h at room
temperature with pierce protein-free (TBS) blocking buffer
(Thermo Scientific, Rockford, IL). Primary antibodies used
were as follows: rabbit NF«xB p65 antibody (C-20): (1:1000,
#sc-372, Santa Cruz Biotechnology, Inc., Dallas, TX), rabbit
anti-hemoglobin subunit alpha antibody (1:1000, #ab92492,
Abcam, Cambridge, MA), and mouse CD68 antibody,
(1:1000, MCA341GA, Bio-Rad Inc.) Primary antibodies
were incubated overnight at 4°C. In between incubations,
membranes were washed with TBS with 0.05% Tween.
Anti-rabbit HRP conjugate (1:5000, #R1006, Kindle
Biosciences, Greenwich, CT) and anti-mouse HRP conju-
gate (1:5000, #R1005, Kindle Biosciences, Greenwich, CT)
were used to incubate membranes for 1 h at room temper-
ature before applying KwikQuant Clean Western Blot
Detection Kit HRP substrate. Images were taken with a
KwikQuant Imager system and analyzed using
KwikQuant Image Manager software.

Paraffin embedding, standard stains, and TUNEL assay.
Paraformaldehyde post-fixed spleen was subjected to stan-
dard paraffin-embedding, and then sectioned at 5 pm on to
glass slides for staining with hematoxylin and eosin (H&E)
and Sirus red and additional slides processed for TUNEL
staining with Click-iT Plus TUNEL assay for in situ apo-
ptosis detection, Alexa Fluor® 488 dye (#C10617, Molecular
Probes, Inc., Eugene, OR), according to the manufacturer’s
specifications. Bright field and fluorescent microscopy pho-
tographs were obtained with 10x magnification.

Plasma  analytes. The following analytes were
measured in plasma according to the manufacturer’s
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specifications: cytokines (#171K1001M, Bio-Plex Pro Rat
Cytokine 24-Plex Immunoassay, BioRad, Laboratories,
Hercules, CA), CRP ELISA (#80670 Crystal Chem, Elk
Grove Village, IL), RANTES (#MMRO00, R&D Systems,
Minneapolis, MN).

Statistical analyses. All statistical analyses were per-
formed using GraphPad Prism version 6.07 (GraphPad
Software, San Diego, California) USA. Differences between
two surgeries were assessed by using unpaired Student’s ¢
test and two-tailed distribution. To observe time-wise dif-
ferences, two-way ANOVA (variables: surgical group and
time) with Bonferroni post hoc test was used. All results are
given as means + SEM. Results were considered statistical-
ly significant when P < 0.05.

Results

Post-surgical metabolic parameters

All female rats were placed on HFD for four weeks prior to
surgery resulting in increased bodyweight. Four groups of
animals were generated: Sham +intact spleen, Sham +
Splenectomy, VSG + Intact spleen and VSG + splenectomy.
Animals were placed on chow diet after surgery. All animals
lost some weight during the initial seven post-operative
days (POD), irrespective of the surgery (Sham or VSG,
intact or splenectomy) (Figure 1(a)). VSG (intact and splenec-
tomized) rats lost the most weight in the first seven days
post-surgery (*P < 0.05) (Figure 1(a)). By POD 28, all animals
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had weight stabilized and had similar body weights. Thus,
in the present study, the Sham group serves as a body
weight-matched control for the VSG, but not for body
composition.

Sham rats (intact and splenectomized) consumed a sim-
ilar amount of calories to each other and this was signifi-
cantly more kCals cumulatively (Figure 1(b) and (c)) than
VSG (intact and splenectomized) in the four weeks
post-operatively (***P(VSG)<0.001). Fasting blood glucose
measured during week 5 post-operatively showed that the
VSG animals had reduced glucose levels in comparison to
Sham (*P(VSG)<0.01) (Figure 1(d)).

By post-operative week 5, body composition analysis by
EchoMRI showed that VSG (both intact and splenectomy)
had significantly reduced fat mass (****P < 0.0001) (Figure 1
(e)) and fat mass percentage (Figure 1(f)) (***P <0.001).
There was no impact of surgery on lean mass among the
groups (Figure 1(g)), but with respect to lean mass percent-
age, VSG animals had higher lean mass percentage than
Sham rats (Figure 1(h)) (***P < 0.01).

VSG and splenectomy alters peripheral blood
lymphocyte populations

Terminal blood was obtained for flow cytometric analysis
of total circulating T cells, helper T cells, cytotoxic T cells,
and B cells. Total T cells, identified by obtaining percentage
of CD3+ cells were significantly reduced as a result of the
main effect of surgery, P(VSG < 0.001) and due to the main
effect of splenectomy P(Splenectomy < 0.05) (Figure 2(a)).
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Figure 1. Baseline metabolic parameters. (a) Body weight following surgery for female rats receiving Sham or VSG surgery receiving splenectomy or remaining intact.
(b) Average daily food intake in grams during the first four weeks after surgery. (c) Cumulative food intake during first four weeks post-surgery. (d) Fasting blood glucose
after five weeks of recovery. (e) Fat mass measured by EchoMRlI. (f) Fat mass percentage by normalizing to body weight. (g) Lean mass measured by EchoMRI. (h) Lean
mass percentage by normalizing to body weight. Two-way ANOVA with repeated measures, two-way ANOVA by surgery/spleen status. Data are presented as mean

+SEM. **P <0.01, P<0.001.
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Figure 2. Peripheral blood flow cytometry. (a) CD3+ percentage (total T Cells). (b) CD3/CD4+ (helper T Cells). (c) CD3/CD8+ (cytotoxic T cells). (d) CD45RA (total B
Cells). Two-way ANOVA by surgery/spleen status. Data are presented as mean +SEM.

Helper T cells identified by labeling cells for CD3+/CD4+, T cells, identified by labeling cells for CD3+/CD8+ were
were also reduced in PBL as a main effect of surgery, P also reduced in PBL as a main effect of surgery
(VSG<0.001) and main effect of splenectomy, P P(VSG<0.001) and a main effect of splenectomy, P
(Splenectomy < 0.05) (Figure 2(b)). Percentage of cytotoxic  (Splenectomy < 0.05) (Figure 2(c)). Total B cells, identified
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by labeling for CD45RA do show a reduction with VSG
surgery that is reversed with splenectomy (Figure 2(d)).

Peripheral T cells are associated with higher fat mass
but not body weight

Using cell population percentages in peripheral blood pre-
sented in Figure 2, we determined the relationship of body
weight and fat mass with T and B cell levels. There was
no relationship between T cell percentage and body
weight (Figure 3(a)) or B cell percentage and body weight
(Figure 3(c)) or body fat (Figure 3(d)). On the other hand,
total T cell percentages were highly associated with the
level of fat mass (***P <0.0001, R =0.644, F32.62) (Figure
3(c)) as well as CD3+-/CD4+ and CD3+-/ CD8+ (not shown).

VSG leads to an enlarged spleen

The spleen weight is considerably increased in VSG ani-
mals in comparison to Sham in animals that did not receive
a splenectomy (*P < 0.05) (Figure 4(a)). When normalized
as a percent of body weight, the VSG spleen was also
enlarged in comparison to Sham (**P < 0.01) (Figure 4(b)).
We used a portion of the splenic tissue to perform cell dis-
sociation for flow to determine the phenotype of the splenic
cells. No differences were observed in CD3+ T cells,
CD3+-/CD4+ helper T cells, or CD3+/CD8+ cytotoxic T
cells (Figure 4(c)). CD45RA+ B cells in the VSG spleen were
reduced in comparison to Sham (**P < 0.01) (Figure 4(c)).
H&E staining of the spleen of Sham and VSG (Figure 4(d))
did show increased area of white pulp and reduced area of
red pulp (Figure 4(d)) in the VSG animals. To determine if
the spleen was infiltrated by apoptotic cells, we performed
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Figure 3. Peripheral cell lymphocytes relationship with body weight and fat mass
(a) Total T cell percentage as a function of body weight. (b) B cell percentage as a
function of body weight. (c) Total T cell percentage as a function of body weight. (d)
B cell percentage as a function of body weight. Linear regression analysis was
performed using FACS analysis and echoMRI body weight and fat mass.

TUNEL staining on adjacent sections and analyzed for fluo-
rescent apoptotic bodies. There was no difference in the
numbers of immune-positive staining (Figure 4(e)).
In support of this result, there was also no change in gene
expression of the apoptotic signaling marker, caspase-3
(Table 1). We further questioned whether the spleen
might be fibrotic following surgery, resulting in an
increased weight. Sirius Red staining for fibrosis showed
no gross differences in fibrosis between VSG and sham
animals (Figure 4(f)). We then queried whether red blood
cells were pooling in the spleen by using surrogate marker
hemoglobin subunit « and observed no differences between
the two groups (Figure 4(g)).

Because we observed increased spleen weight and
increased levels of white pulp in the spleen despite a
decrease in B cells and no T cell changes in the spleen, we
further queried whether the spleen weight could be due to
increases in splenic macrophages. We performed gene
expression and Western blot analyses for macrophage
marker CD68 (cluster of differentiation 68), and there
were no differences in mRNA levels (Table 1) or protein
for CD68 (Figure 4(h)). We further questioned whether
the master transcription regulator of cytokine signaling,
nuclear factor kappa-light-chain-enhancer of activated B
cells (NFxf), was elevated by mRNA and protein. No dif-
ferences could be detected in mRNA levels (Table 1). By
Western blot, the functionally active subunit, NFxf p65
subunit was reduced in VSG (Figure 4(i)).

Gene expression analysis by rtPCR of the spleen did not
show differences in genes for major pro-inflammatory cyto-
kine genes, IL6, IL1f, and TNF« (Table 1). We questioned
whether potential ischemia would elevate gene expression
for hypoxia-induced factor alpha (HIFa) but did not see any
differences (Table 1). We further asked if dendritic cells were
homing to the spleen by probing for dendritic marker, integ-
rin alpha X (ITGAX) but did not observe any differences
(Table 1). We tested whether there was increased neutrophil
infiltration by probing with granulocyte marker, myeloper-
oxidase (MPO) (Table 1) and observed a modest trend
towards increased expression that was not significant.
Finally, we measured expression of ITGB3 (integrin 3/
CD61), gene marker for platelets but there were no differ-
ences (Table 1). Because interleukin 10 (IL1-10) is a powerful
anti-inflammatory cytokine produced by splenic immune
cells, we sought to determine whether IL10 levels were
altered in the spleen. Trends towards increased IL10 were
also observed in VSG spleen (Table 1).

Thymic genes for T cell maturation are changed by VSG
and splenectomy

Thymus was dissected at the time of sacrifice. There were
no differences in thymic weight based on either VSG or
splenectomy (Figure 5(a)). Because IL7 and CCL25 (TEC,
thymus-expressed chemokine) are secreted by the thymus
to increase hematopoiesis and the maturation of T lympho-
cytes, we measured gene expression for IL7 and CCL25 in
the thymus. No differences in mRNA levels were measured
for interleukin 7 (Figure 5(b)) or CCL25 (Figure 5(e)) that
are important in T cell maturation. However, CCL12
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Figure 4. Changes in the spleen with VSG (a) Splenic weight in g. (b) Spleen weight normalized to body weight. (c) Flow cytometry of splenic lymphocytes. (d) H&E
staining of the spleen. (e) TUNEL staining in spleen. (f) Sirius Red staining of spleen. (g) Protein levels for hemoglobin subunit alpha. (h) Protein levels for CD68 (i) Protein
levels for NFKB p65 subunit. Student T test, two-way ANOVA by surgery and spleen status. Data are presented as mean +SEM. *P < 0.05, **P < 0.01.

(Figure 5(c)) also known as monocyte chemotactic protein 5
(MCP-5), which is important for T cell lineage commitment
in the thymus, was significantly elevated as a result of sple-
nectomy. CCL5 also known as RANTES (Figure 5(d)) was
elevated in the thymus as a result of VSG irrespective of
whether the spleen was removed or not.

CRP and RANTES in plasma

C-reactive protein (CRP), a generalized marker of inflam-
mation, was reduced in circulation in VSG females that had
received a splenectomy (*P <0.05) but not in VSG with
intact spleens (Figure 6(a)). RANTES, (regulated on
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Table 1. Spleen gene gPCR.

Sham VSG
Gene Gene symbol Probe # Mean+SEM Mean+SEM P value
116 Interleukin 6 Rn01410330_m1 100+31.8 124.50+24.6 0.493
g Interleukin 18 Rn00580432_m1 100+£11.1 83.18+21.9 0.663
TNFo Tumor necrosis factor o Rn01525859_g1 100+20.5 141.60+20.9 0.225
CcD68 Cluster of differentiation 68 Rn01495634_g1 100+£28.0 73.40+14.5 0.095
HIF 1o Hypoxia inducible factor 1o Rn01472831_m1 100+17.6 89.15+16.8 0.796
CASP3 Caspase-3 Rn00563902_m1 100+25.0 98.51+15.1 0.958
ITGAX Integrin subunit aX Rn01511082_m1 100+27.1 101.80+25.4 0.965
IL10 Interleukin 10 Rn01483988_g1 100+23.0 205.80+41.4 0.077
ITGB3 Integrin subunit B3 Rn00596601_m1 100+24.3 135.00+£34.1 0.476
NFKB Nuclear factor « light chain Rn01399572_m1 100+20.8 135.004+-26.0 0.365
enhancer of activated B cells
MPO Myeloperoxidase Rn01460205_m1 100+29.5 1554.00+740.8 0.155

Note: All day are normalized to ribosomal gene RPL32 and expressed as relative units. Two-way ANOVA by surgery and spleen status. Data are presented as

mean +SEM.
VSG: vertical sleeve gastrectomy.
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activation, normal T cell expressed and secreted) is an
important chemokine for T cells recruitment. Though
RANTES in circulation trends to be reduced in both Sham
and VSG (Figure 6(b)) animals having received splenecto-
my, this change was not significant. Multiplex immunoas-
say for 24 cytokines was performed on terminal plasma.
Increased levels of GRO/KC (growth regulated oncogene)
cytokine CCL1 involved in activating neutrophils
P(VSG <0.05), P(Splenectomy < 0.05) There were no other

differences in levels of cytokines based on either VSG sur-
gery or splenectomy (Supplemental Table 1).

Discussion

Surgical weight loss is touted to improve the chronic
inflammation that is congruent with long-duration obesity
and consumption of diet high in saturated fats and sugar.
Reductions in BMI are also accompanied by reduced per-
centages of peripheral blood lymphocyte populations.
Following rodent VSG, we previously reported a reduction
in PBL specifically during VSG pregnancy that was lower
than weight-matched controls.”® In conjunction, we also
identified increased spleen weight in VSG in comparison
to sham groups. In the current work, we hypothesized that
the VSG spleen contributed to the loss of PBL by altered
filtration of the circulating cells thereby enlarging its size.
We probed whether removal of the spleen would alter the
trajectory of weight loss and immune indices.

Obesity parameters in VSG and splenectomy

Splenectomy in the context of obesity can cause improve-
ments to various indices that complicate excess body
weight gain. In a model of monosodium glutamate-
induced obesity, splenectomy reversed pre-diabetic insulin
hypersecretion, improved insulin sensitivity and reduced



hypertrophy of both adipocytes and islets.® In the current
work, splenectomy in the Sham rats did not produce any
improvements to metabolic indices including change in
body weight, body composition or blood glucose. As pre-
viously published,'®** VSG reduced body weight, cumula-
tive food intake, and blood glucose. Furthermore, fat mass
and fat mass percentage were reduced, whereas lean mass
percentage was increased with no effect on total unadjusted
lean mass. However, there were no further improvements
coupling the VSG with splenectomy.

Splenectomy and circulating peripheral lymphocyte
populations

Individuals that have either congenital hyposplenism or
acquired hyposplenism through incidental splenectomy
have chronically reduced T cells levels and dampened
immune response.” Therefore, it is not surprising that
splenectomy in our study’s sham-operated animals
reduced all the T lymphocyte sub-populations in compar-
ison to the spleen-intact Sham animals. However, contrary
to our hypothesis, with respect to total T cells, helper T cells,
and cytotoxic T cell percentages, splenectomy in the context
of VSG did not ameliorate the low levels of Tcells but rather
exacerbates it. On the other hand, splenectomy increased
overall numbers of CD45RA+ B cells in circulation in both
the Sham and VSG animals. In animals that had an intact
spleen but also received VSG, we report a significant reduc-
tion in the CD45RA+ B cells in comparison to the other
groups. So splenectomy was instrumental to increase the
circulating B cell levels that appear to be reduced while
obtaining VSG. Though this was not directly tested in
the current work, we would predict that the levels of
IgD™ naive recirculating B cells in the periphery would
be reduced after splenectomy since the spleen is the
major site of B cell maturation after migration from the
bone marrow.*

What is intriguing about the linear regression analysis is
that total circulating T cell levels specifically correlated with
total fat mass of the rats, measured by echoMRI just prior to
euthanasia, but on the other hand, T cell levels did not cor-
relate with body weight. Further, B cell levels did not vary
significantly with body weight and fat mass. Because leptin
levels are intrinsically connected to an individual’s level of
adiposity, it is possible that leptin can specifically affect the
maturation of the T cells at the level of the thymus® or by
direct actions of leptin on T cells."*

Though weight loss by various bariatric surgeries
appears to reduce PBL, the effect on resident immune
cell populations in adipose depots for instance appears to
not be reduced but increased after surgical weight loss.
For example, in mice that had received VSG, elevated fre-
quencies of CD11c+ macrophages and increased frequen-
cies of T cells were identified specifically in the adipose
depots of VSG mice.” It is indeed possible that the PBL
reductions we have identified are due to homing of these
peripheral immune cells to other tissues, in this case, the
adipose tissue.
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The spleen post-VSG

Beyond testing whether the spleen was responsible for the
lymphopenia that we identified previously,'® we further
sought to determine whether we could identify the etiology
of the increased splenic weight; this still remains elusive
though we have better characterized the spleen following
VSG. However, despite our efforts, there is no evidence of
pro-inflammatory activities within the enlarged spleen.
We hypothesized that macrophage infiltration could be
driving the increased splenic weight; however, there was
no identifiable increase of macrophage marker CD68 by
mRNA or protein. We next hypothesized that red blood
cells (RBC) could be pooling in the post-surgical spleen.
But RBC marker hemoglobin 1A was not different by
mRNA either. We next asked whether neutrophils could
be increasing the weight of the spleen and probed to find
a modest trend towards increased gene expression of mye-
loperoxidase (MPO), as well as increased plasma neutro-
phil proliferation cytokine GRO/KC. Neutrophils could be
localizing to the spleen for a variety of reasons. The inner-
vation and blood flow to the spleen could be affected by
gastric resection, causing ischemia. However, neither cell
death markers caspase-3 nor TUNEL were elevated.
Further, the lymphatic drainage of the stomach to the
spleen could be disrupted resulting in splenic damage
and homing of the granulocytes. This may be the cause of
the increased spleen weight post-VSG in the rodent.

Since bariatric surgery is often sought additionally
for the amelioration of liver-associated diseases® such as
non-alcoholic fatty liver disease and hepatic steatosis,”” CT
and MRI scans may be performed as standard of care post-
bariatric surgery to further follow-up on the size of the
liver. However, the size and characterization of the spleen
are not reported either before or after surgery in the clinical
literature post-bariatric surgery. There are no reports as to
whether its size and its relative proportion to post surgery
bodyweight are more closely associated to pre-surgery
weight or pro-surgery weight. This may be an important
clinical measure that should be carefully explored in
future studies.

Though injury to the spleen during bariatric surgery is
rare, it has been reported, and in particular ischemia of the
spleen has been reported.” In a few cases, splenectomy has
been reported to improve the clinical outcome in these cir-
cumstances.’”? Splenic abscesses following bariatric sur-
gery are also very rare several cases have been reported.*
Thrombotic events involving the portal-splenic-mesenteric
venous system are also possible.***

Thymus post-VSG

Given the T cell reductions in circulation, we measured
single and double positive thymocytes by flow and were
not able to measure differences (data not shown). We also
measured a variety of genes that would suggest stress to
maturation within the thymus. RANTES also known as
CCL5 (regulated on activation, normal T cell expressed
and secreted) was not altered in circulation but was
increased specifically due to VSG in the thymus; again,
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we predict this is increased in order to drive T cell devel-
opment and maturation.

Circulating inflammatory factors

In several studies, we measured circulating cytokines post-
VSG in the rat model and have observed very limited
changes in pro-inflammatory cytokines.'® Whereas CRP
was not reduced with VSG-alone, splenectomy coupled
with VSG led to reduced circulating CRP, suggesting
the spleen may be contributing to some inflammation
post-surgery. We also measured RANTES in circulation
but did not observe differences in levels. Significant num-
bers of reports suggest reductions to circulating pro-
inflammatory cytokines such as MCP1, IL6, and CRP**™°
following surgical weight loss. But some reports are not so
convincing that bariatric surgery reduced inflammation at
all. In a study comparing inflammatory parameters in
patients either obtaining RYGB or placed on a very-low
calorie diet, individuals on very-low calorie diet had far
lower levels of circulating cytokines in particular IL2, IL6,
and TNFu then the bariatric group.*® This is further com-
plicated by differences in cytokine gene expression differ-
ences in peripheral tissues. For instance, in subcutaneous
adipose tissue from post-bariatric patients, TNFo and
caspase-3 gene expression was reported to be elevated
even one year post bariatric surgery;*' the authors’ expla-
nation was that there was an ongoing state of cachexia
within the adipose tissue of bariatric individuals;*!
though plausible, given the previous study in rodents we
discussed earlier which showed elevated immune cells in
adipose tissue after VSG,*® an alternate hypothesis would
suggest that the increased presence of increased immune
cells within the VSG adipose tissue produced produce
greater levels of pro-inflammatory cytokines. The etiology
of these increased immune cell presence and cytokine pro-
duction should be carefully studied.

Conclusions and further studies

Whereas initially we hypothesized that the enlarged splen-
ic weight and reduction in PBL post-surgery were intercon-
nected, we currently believe that these may be independent
side effects of bariatric surgery. Where reductions in PBL
are common with amelioration of obesity and its comorbid-
ities, the reductions in PBL in our work are not linked so
much to body weight reduction but specifically to total fat
loss; we surmised this might be directly influenced by the
dramatic reductions in leptin post-surgery. Further ques-
tions that arise concerning this suppressed level of T and
B cells are whether individuals who have obtained surgical
weight loss procedures respond adequately to challenges to
their immune system. Based on the current work, we sus-
pect that those who have received VSG may have shifts in
their ability to respond to immune-related stressors.
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