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Perivascular adipose tissue (PVAT), the fat surrounding peripheral blood vessels, is
protective and reduces the contraction of blood vessels in health. PVAT is composed
of adipocytes, stromal cells, and immune cells. Recent work supports eosinophils as
one of the cell types key to the anti-contractile nature of PVAT in health. Hence, we
hypothesized that there exists a basally activated immune cell community in healthy
PVAT that is distinctly different from non-PVAT fats. PVATs were from around mesenteric
resistance vessels (MRPVAT – white fat) and thoracic aorta (APVAT – brown fat). Non-
PVATs included retroperitoneal (RP fat – white fat) and subscapular (SS fat – brown
fat) while the spleen was a positive control. Tissues were harvested from adult male
and female Sprague Dawley rats. Six primary immune cell types were identified in
PVATs. T cells (CD4 and CD8), B cells, natural killer (NK) cells, macrophages, mast
cells, and neutrophils in the stromal vascular fraction of each fat were identified using
nine-color flow cytometry. PVATs contained a higher number of total immune cells vs.
their respective non-PVAT fats in females. Females had a higher number of T cells in
MRPVAT vs. males. Females also had a greater number of T cells and total immune
cells in APVAT vs. males. Further, activation, differentiation, and/or polarization of various
immune cell types were similarly determined by flow cytometry. PVATs were similar to
their respective non-PVAT fats in density of recently activated B cells (B220+ CD25+).
However, MRPVAT in females had a higher number of naïve CD4 T cells vs. MRPVAT
in males and APVAT in females. MRPVAT also had denser naïve CD8 T cells vs.
APVAT in females. Overall, this research for the first time has identified a community
of discrete populations of immune cells (naive/recently activated/regulatory/memory)
in healthy PVATs. Contrary to our hypothesis, PVATs are more similar than different in
density to their respective non-PVAT fats.
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INTRODUCTION

Perivascular adipose tissue (PVAT) contains heterogeneous cell populations including adipocytes,
pre-adipocytes, fibroblasts, immune cells, endothelial cells, and nerves (Meijer et al., 2011; Szaz and
Webb, 2012). Like many other organs, adipose tissues including PVATs are likely subject to immune
surveillance. Type-2 immune cells [regulatory T cells (Tregs), invariant natural killer cells (iNKT),
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M2-like macrophages, and eosinophils] and their associated
cytokines [interleukin (IL)-4, IL-5, IL-13, IL-10, and
transforming growth factor-β] have been identified in healthy
non-PVAT white and brown adipose tissues (Feuerer et al., 2009;
Chawla et al., 2011; Nguyen Dinh Cat et al., 2011; Wu et al.,
2011; Schipper et al., 2012a; Lynch et al., 2016). In health, the
immune cells in non-PVAT fats interact with each other and
also with other cell types in the adipose tissue, contributing
toward maintaining the anti-inflammatory status of the tissue
and preserving insulin sensitivity (Schipper et al., 2012b).
They also contribute to brown fat activation, thermogenesis,
white fat browning, and clearing cellular debris in healthy
PVATs (Schipper et al., 2012b). B cells secrete immunoglobulin
M antibodies that promote phagocytosis of apoptotic cells
in healthy white adipose tissue (WAT) (Baumgarth, 2011).
Although eosinophils, Tregs, and macrophages have been
identified in healthy PVATs, only eosinophils in PVATs from
healthy mice have been recognized as a key cell type to
the anti-contractile nature of PVAT (Withers et al., 2017).
Could there be a community of immune cells in PVAT that
may be responsible for the anti-contractile nature of PVAT
in health? This question can’t be answered until we know
the relative immune composition and activation status of
immune cells in PVATs in steady-state health. Hence, our
current study was focused on discovering the primary immune
cell types and their basal activation status in PVATs, relative
to the respective non-PVAT fats in both males and females
in health.

Perivascular adipose tissues are in close proximity to the
blood vessels and may directly influence vascular tone, differing
from non-PVAT fats (Gollasch, 2012). As such, we tested the
hypothesis that PVAT contains a basally activated immune
cell community in health, distinct from their respective non-
PVAT fats. We postulate such an immune cell community to
be protective in health. The current study focused on flow
cytometric analyses of two PVATs – MRPVAT (WAT-like PVAT,
located around small mesenteric resistance vessels) and APVAT
(brown adipose tissue-like PVAT, located around thoracic aorta).
Two non-PVAT adipose tissues – retroperitoneal fat (RP fat,
non-PVAT white fat, found behind the kidneys) and subscapular
fat (SS fat, non-PVAT brown fat, situated at the back of the
neck region) – were used as non-PVAT fat-type comparators
for MRPVAT and APVAT, respectively. Use of these four tissues
from the same rats helped us answer two questions. First,
are MRPVAT and APVAT different in immune composition?
Second, are the PVATs different from their like non-PVAT
fats? The spleen served as a positive control, given that it
is a well-characterized secondary lymphoid organ. This also
added confidence to the immunophenotyping data obtained
in PVATs and other fats. This was especially important given
the scarcity of flow cytometry work with rat adipose tissues,
unlike mouse adipose tissues. We discovered a steady-state
immune population in PVATs in health, a portion of which are
basally activated, differentiated, and/or polarized. But in contrast
to our hypothesis, the immune subpopulations of PVATs are
more similar in density than different to their respective non-
PVAT fats.

MATERIALS AND METHODS

Animals
Animal maintenance and experimental protocols were approved
by the Michigan State University Institutional Animal Care and
Use Committee and complied with the National Institutes of
Health Guide for Animal Care and Use of Laboratory Animals
(2011). Male and female Sprague Dawley rats (350 g males
and 250 g females, between 12 and 14 weeks of age, Charles
River, Indianapolis, IN, United States; RRID: RGD_10395233)
were used. Animals were maintained on a 12/12 light/dark
cycle at 22–25◦C. They were fed ad libitum (#8640 irradiated
Teklad 22/5 rodent diet). Prior to all dissections, the rats were
anesthetized with sodium pentobarbital (60–80 mg/kg, i.p.) and
death was assured by creating a bilateral pneumothorax. Tissue
dissection/processing proceeded as described below in the section
“Immune Cell Isolation and Flow Cytometry.”

Antibodies Used
Supplementary Tables 1, 2 list the antibodies used for
immunophenotyping studies.

Immune Cell Isolation and Flow
Cytometry
Using flow cytometry, innate immune cells (macrophages,
neutrophils, and mast cells), adaptive immune cells (T cells,
B cells), and NK cells were identified and quantified. Live
cells were either determined by using propidium iodide
staining separately or Zombie aqua stain added to each cell
preparation. Consistently, approximately 85–90% viable cells
were obtained in every sample preparation. All the tissues
were harvested from the same animals. Immune cells are
reported as number of cells normalized to tissue weight in
milligrams. The flow cytometric data were analyzed using
Attune NxT software (v 2.6). An unstained control sample
for each tissue type was used to: (i) adjust forward and
side scatter so that the cell populations of interest are on
scale and (ii) adjust the photomultiplier tube gain for each
fluorochrome detector so that the peak mean fluorescence
intensity of each channel was within 103 and 104 on a log
scale. Spectral overlap was auto-compensated using single color
compensation controls using compensation beads (Cat No. 01-
2222-42) and the same compensation values were applied to all
the tissues/rats.

Splenocyte Isolation and Processing
Spleens were mechanically disrupted by a syringe plunger and
filtered through a 40 µm filter. The single cell suspension
obtained was then washed with Dulbecco’s modified eagle
medium. Red blood cell lysis was performed by adding
ammonium–chloride–potassium lysis buffer and incubating for
2 min on ice. The splenocytes were washed twice with PBS
containing 1% fetal bovine serum (FACS buffer) and labeled
with fluorescent antibodies after FcR blocking (CD32, Cat
No. 550271). Viability was assessed with propidium iodide
(1:30 in flow buffer, Cat No. 421301) immediately before
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analysis. In flow cytometry studies assessing steady state status
of immune cells, viability was measured using Zombie-aqua
dye (1:1000 in dPBS, 77143). All flow cytometry assays were
performed using Attune NxT acoustic focusing cytometer from
Life Technologies.

Stromal Vascular Fraction Isolation From
Adipose Tissues
APVAT, MRPVAT, RP fat, and SS fat were all dissected
from the same rats. All the immune cell populations were
quantified from the same fat samples, while another set of
experiments were performed to phenotype the activation,
differentiation, and/or polarization of various immune
populations. The fats were removed from the blood vessels
where appropriate, blotted dry, and weighed. The adipose
tissues were minced with scissors, collagenase (1 mg/ml;
type-I, Cat No. LS004196) digested at 37◦C for about 1 h.
The cell suspensions were sequentially filtered through 100
and 40 µm filters. The flow through contained cells lesser
than 40 µm, so adipocytes were eliminated. Upon washing
with flow buffer and centrifugation at 300 rcf for 5 min,
a cell pellet which is called the stromal vascular fraction
(SVF), was obtained.

Surface Labeling of Immune Cells
Ammonium–chloride–potassium red blood cell lysis buffer
(400 µl; Cat No. 10-548E) was added to the SVF pellet, gently
pipette-mixed and incubated on ice for 2 min to destroy red
blood cells. The red blood cell-lysed SVF was washed twice with
FACS buffer and labeled with fluorescent antibodies (30 min
incubation) after blocking Fc receptors with purified anti-CD32
antibody (10 min).

Intracellular Labeling to Identify T
Regulatory Cells
After the surface labeling was complete (described above),
intracellular labeling was performed to identify cells containing
Foxp3 as Tregs, using the Foxp3 transcription factor staining
buffer set (Cat No. 5523). The cells were incubated with a
fixation/permeabilization buffer for 1 h at room temperature
in the dark and centrifuged at 700 rcf for 5 min. The
supernatants were carefully discarded (pipetted out to minimize
loss of cells) and the cells were washed with permeabilization
buffer. The supernatants were carefully discarded again after
centrifugation at 700 rcf. The intracellular label (Foxp3 for
Treg cells) prepared in permeabilization buffer was incubated
with the cells at room temperature for 30 min in the
dark. The cells were then washed twice with permeabilization
buffer and resuspended finally in FACS buffer for flow
cytometry analysis.

Defining Immune Cell Subtypes
CD4 T and CD8 T cells were further classified either as naïve cells,
recently activated cells expressing early/late activation marker,
regulatory or memory cells. B cells expressing CD25 were defined
as recently activated cells. Macrophages were classified as either

M1-like or M2-like. Supplementary Table 2 and Table 1 list the
panel design details and specific definitions, respectively, for each
of the identified subpopulations.

Data Presentation and Statistics
Statistical analyses were performed with GraphPad Prism 8.0
(GraphPad Software Inc., La Jolla, CA, United States; RRID:
SCR_002798). Gating for immune cells was done by three people
(two blinded and one unblinded), analyses were done twice by
one person to avoid any bias and ensure rigor and reproducibility.
All gating and analyses yielded very similar results. Hence,
data presented in this paper are from one person’s gating and
analyses. Two-way ANOVA with Tukey’s multiple comparison
test was used to determine statistical significance in all the
flow cytometry experiments. Thus, two types of comparisons
were possible: between the fats within each sex and between
the sexes within each fat. A P < 0.05 was considered to be
statistically significant.

Statistical power was calculated a priori. However, because
it is very hard to define a specific effect size for biologically
relevant differences in immune cell populations between adipose
tissues, we had to use a “best guess approach” based on our
preliminary data. Standard deviations for power analyses were
obtained by averaging data (cell counts and percentages) on
CD68+ macrophages and CD3+ T cells from a mix of males
and females from preliminary studies done in the lab. The
average standard deviation observed was 34% of the mean
values. We chose a standardized effect size (Cohen’s d) of
0.8, as that is a standard criterion used to define a “large”
effect size (i.e., biologically meaningful). The “n” value per
group suggested for a Cohen’s d of 0.8, a power of 0.8 and
5% type-I error rate was 26. Hence, we acknowledge that
our studies (n = 3–6), like most others in the field, are
underpowered. However, since fractions of immune cells in
adipose tissue have been reported to increase dramatically (e.g.,
∼5% macrophages to ∼50% macrophages) during weight gain
(Weisberg et al., 2003), we are confident that our analyses would
be adequate to detect such large, biologically relevant changes as
statistically significant.

RESULTS

Gating Strategy to Identify and
Characterize Immune Cells in PVATs
Figure 1 depicts our general strategy for identifying CD3+
T cells, B220+ B cells, and CD68+ macrophages along
with their subpopulations, CD161+ NK cells, HIS48+
neutrophils, and FcεRI+ mast cells by flow cytometry. Cell
clumps and cellular debris were first excluded by analysis
of cell size on a forward-side scatter plot (Figure 1A).
This step appreciably reduced autofluorescence in SVF
preparations. Then, the doublets (Figure 1B) and Zombie
aqua+ dead cells (Figure 1C) were excluded. Next, CD45+
leukocytes were selected (Figure 1D), followed by CD3+ T cell
selection. CD3+ T cells were further classified into CD4+
and CD8+ T cells and their subpopulations (Figure 1E).
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TABLE 1 | Definitions of specific immune sub-populations.

Surface markers Definitions References

T cell subtypes

CD4+Foxp3−CD25+ or CD8+Foxp3−CD25+ Recently activated T cells (early marker) Stephens et al., 2004

CD4+OX40+ or CD8+OX40+ Recently activated T cells (late marker) Stephens et al., 2004

CD4+Foxp3+ or CD8+Foxp3+ Regulatory T cells Abe et al., 2009

CD4+CD25−CD45RC− or CD8+CD25−CD45RC− Memory T cells Luettig et al., 2001; Han et al., 2017

CD4+CD25−CD45RC+or CD8+CD25−CD45RC+ Naïve T cells Luettig et al., 2001

B cell subtype

B220+CD25+ Recently activated B cells Amu et al., 2006

Macrophage subtypes

CD68+CD86+MHCII+ Classically activated M1-like macrophages Wang et al., 2017

CD68+CD163+ Alternatively activated M2-like macrophages Yu et al., 2016

FIGURE 1 | Basic gating strategy for flow cytometry experiments. A side-scatter (SSC) vs. forward scatter (FSC) plot with all the events recorded. Cells were
selected “All” after size-based exclusion of cellular debris (A). Forward scatter- height vs. area plot allowed for selection of “singlets,” avoiding cells sticking to each
other as doublets (B). “Viable/live” cells (zombie aqua negative) were then positively gated from the singlets (C). From this live cell pool, CD45+ “immune” cells were
gated (D). From the immune cells, CD3+ “T cells” were selected. From this CD3+ cells, CD4/CD8 T cells and their subpopulations were further gated (E). Then from
the CD3− cells, B220 expressing cells were gated as B cells. B220+CD25+ cells were further gated from B cells. CD3−B220− cells were further gated into NK cells
or myeloid cells and their subtypes (F).

From the CD3− cells, B220+ B cells (and CD25+ B cells)
were selected (Figure 1F). Then, from the CD3−B220−
population, individual innate immune cell niches that included

macrophages (and their subtypes), NK cells, neutrophils, and
mast cells were selected (Figure 1F) as shown by the markers
in Supplementary Tables 1, 2.
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FIGURE 2 | PVATs contained a denser immune cell community vs. their respective non-PVAT fats in female rats only. Immunophenotyping of mesenteric resistance
(MR)PVAT, thoracic aortic (A)PVAT, retroperitoneal (RP) fat, subscapular (SS) fat, and spleen, in healthy male and female SD rats. T cells, B cells, natural killer (NK)
cells, macrophages, neutrophils, and mast cells were quantified by flow cytometry. Each immune cell type is presented as absolute cell counts normalized to tissue
weight (in mg). Comparisons between (A) MRPVAT and APVAT along with spleen. APVAT had a higher number of T cells (both sexes) per mg tissue vs. MRPVAT.
Females had a greater number of T cells vs. males in APVAT (B) MRPVAT and non-PVAT white RP fat. MRPVAT had a higher number of macrophages (both sexes),
T cells (females), and total immune cells (females) vs. RP fat. Females had a higher number of T cells and total immune cells in MRPVAT vs. males (C) APVAT and
non-PVAT brown SS fat. APVAT had a higher number of T cells (females) and total immune cells (females) vs. SS fat. Females had a greater number of T cells in
APVAT vs. males. Bars represent means ± SEM for the number of animals indicated by N. A P < 0.05 by two-way ANOVA was considered statistically significant.
* and # inside the stacks in the graph represent a significant difference in the specific stack of immune cells between the two fats within each sex or between the
sexes within each fat, respectively. * and # outside the stacks in the graph represent a significant difference in the sum total of immune cells between the two fats
within each sex or between the sexes within each fat, respectively.

PVATs Contained a Higher Number of
Immune Cells vs. Their Respective
Non-PVAT Fats, in Female Rats Only
Six primary immune cell types: T cells, B cells, macrophages,
NK cells, mast cells, and neutrophils were quantified by flow
cytometry in PVATs. Spleen served as the positive control.
APVAT had a higher number of T cells (both sexes) per mg tissue
vs. MRPVAT and, the spleen contained 10 times greater number
of immune cells vs. both the PVATs (both sexes) (Figure 2A).
Females had a greater number of T cells vs. males in APVAT
(Figure 2A). MRPVAT had a higher number of macrophages
(both sexes), T cells (females), and total immune cells (females)
vs. RP fat (Figure 2B). Females had a higher number of T
cells and total immune cells in MRPVAT vs. males (Figure 2B).
APVAT had a higher number of T cells (females) and total
immune cells (females) vs. SS fat. Females had a greater number
of T cells in APVAT vs. males (Figure 2C). Raw data values
with average number of each immune cell type (per milligram
tissue) in PVATs, non-PVAT fats, and spleen are presented
in Table 2.

MRPVAT in Females Had a Higher Naïve
CD4 T Cell Population vs. APVAT
(Females) and MRPVAT (Males)
CD4 T cells were classified as recently activated (expressing
early marker CD25 or late marker OX40), regulatory (Foxp3+),
memory (CD45RC−), or naïve (CD45RC+) in PVATs and their
respective non-PVATs. MRPVAT in females had a greater number

of naïve CD4 T cells vs. APVAT in females and MRPVAT in
males (Figure 3A). The spleen contained approximately seven
times greater number of total CD4 T cell subtypes vs. both
the PVATs (both sexes) (Figure 3A). MRPVAT in females had
a higher number of naïve CD4 T cells vs. males (Figure 3B).
MRPVAT and APVAT had similar density of the CD4 T
cell subpopulations that were analyzed vs. RP fat and SS fat,
respectively (Figures 3B,C).

MRPVAT Had a Greater Density of Naïve
CD8 T Cells vs. APVAT in Female Rats
Only
CD8 T cell subpopulations were classified into naïve, recently
activated, regulatory, and memory phenotypes, similar to
that of CD4 T cells. MRPVAT had a greater density of
naive CD8 T cells vs. APVAT in females only (Figure 4A).
The spleen consisted of approximately seven times greater
number of classified CD8 T cells vs. both PVATs (Figure 4A).
MRPVAT and APVAT had similar density of the CD8 T cell
subtypes that were analyzed vs. RP fat and SS fat, respectively
(Figures 4B,C).

PVATs Were Similar to Non-PVAT Fats in
Density of CD25 Expressing B Cells
B cells expressing early marker CD25 were classified as recently
activated. Both PVATs had a similar density of CD25+ B cells
(Figure 5A). Spleen was composed of ∼10 times greater density
of CD25 expressing B cells vs. both PVATs (Figure 5A). MRPVAT
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TABLE 2 | Immune subpopulations (for data graphed in Figure 2) in spleen, MRPVAT, APVAT, RP fat, and SS fat in male and female SD rats.

Spleen MRPVAT APVAT RP fat SS fat

T cells

Male 1926.5 ± 877.5 76.2 ± 10.2 190 ± 57.1 42.7 ± 4.6 105.4 ± 41.1

Female 3162.3 ± 1130.3 118.8 ± 23.8 320.7 ± 68.3 45.8 ± 4.2 127.2 ± 39.5

B cells

Male 1038 ± 516.4 10.4 ± 2.5 17.6 ± 4.5 10.1 ± 2.7 10.4 ± 2.7

Female 1628.4 ± 634.4 24.7 ± 5.6 33.1 ± 8.9 5.8 ± 0.7 9.7 ± 2.4

NK cells

Male 97.2 ± 30.5 4.9 ± 0.96 24.3 ± 6.2 5.7 ± 3.4 7.4 ± 1.5

Female 193.1 ± 70.3 27.4 ± 10.9 22.6 ± 4.9 36.1 ± 6.9 10 ± 2.8

Macrophages

Male 515.1 ± 250.4 66.6 ± 17.5 69.3 ± 34.9 29.5 ± 9.5 19.5 ± 5.7

Female 538.7 ± 215.2 98 ± 31.1 62.1 ± 14.4 29.1 ± 6.2 29.3 ± 6.3

Neutrophils

Male 4.5 ± 3 1.9 ± 0.6 5.3 ± 2.1 1.8 ± 0.5 1.3 ± 0.4

Female 4.8 ± 1.9 1.1 ± 0.4 2.4 ± 1.1 0.5 ± 0.1 0.5 ± 0.2

Mast cells

Male 4.9 ± 1.6 3.5 ± 1.4 4.6 ± 1.5 2.6 ± 1.5 3.4 ± 1

Female 7.2 ± 2.3 1.3 ± 0.7 9.8 ± 3.7 2.2 ± 1.1 4.1 ± 1.5

Data presented in the table are average numbers of each immune cell type per milligram tissue ± SEM. Statistics are presented in Figure 2.

FIGURE 3 | MRPVAT in females had a higher naïve CD4 T cell population vs. APVAT (females) and MRPVAT (males). Immunophenotyping of mesenteric resistance
(MR)PVAT, thoracic aortic (A)PVAT, retroperitoneal (RP) fat, subscapular (SS) fat, and spleen, in healthy male and female SD rats. CD4 T cell subtypes (CD4+ CD25+,
CD4+ OX40+, CD4+ Foxp3+, CD4+ CD45RC–, and CD4+ CD45RC+ cells) were quantified by flow cytometry. Each immune cell type is presented as absolute cell
counts normalized to tissue weight (in mg). Comparisons between (A) MRPVAT and APVAT along with spleen. MRPVAT in females had a greater number of naïve
CD4 T cells vs. APVAT in females and MRPVAT in males (B) MRPVAT and non-PVAT white RP fat. Females had a greater number of naïve CD4 T cells vs. males in
MRPVAT (C) APVAT and non-PVAT brown SS fat. Bars represent means ± SEM for the number of animals indicated by N. A P < 0.05 by two-way ANOVA was
considered statistically significant. * and # inside the stacks in the graph represent a significant difference in the specific stack of immune cells between the two fats
within each sex or between the sexes within each fat, respectively.

and APVAT had a similar CD25+ B cell density vs. RP fat and SS
fat, respectively (Figures 5B,C).

MRPVAT Contained an Increased
Number of CD68+ Macrophage
Subpopulations vs. APVAT and RP Fat, in
Female Rats Only
The density of CD68+ macrophages in PVATs was comparable
to that of spleen, save for MRPVAT in females that consist of
approximately four times greater number of CD68+macrophage
subpopulations (Figure 6A). In females, MRPVAT had a greater

number of CD68+ CD86+ MHCII+ macrophages and total
CD68+ macrophage subpopulations vs. APVAT and male
MRPVAT (Figure 6A) and vs. RP fat (Figure 6B). APVAT
and SS fat had comparable numbers of CD68+ macrophage
subtypes (Figure 6C).

Immune Cell Subpopulations in Healthy
PVATs Were More Similar Than Different
vs. Non-PVAT Fats
Six primary immune cell types (both innate and adaptive) co-
exist in PVATs and these can be subdivided based on activation,
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FIGURE 4 | PVATs were mostly similar in numbers of CD8 T cell subtypes vs. their respective non-PVAT fats. Immunophenotyping of mesenteric resistance
(MR)PVAT, thoracic aortic (A)PVAT, retroperitoneal (RP) fat, subscapular (SS) fat, and spleen, in healthy male and female SD rats. CD8 T cell subtypes (CD8+CD25+,
CD8+OX40+, CD8+Foxp3+, CD8+CD45RC–, and CD8+CD45RC+ cells) were quantified by flow cytometry. Each immune cell type is presented as absolute cell
counts normalized to tissue weight (in mg). Comparisons between (A) MRPVAT and APVAT along with spleen. MRPVAT had a greater density of naive CD8 T cells
vs. APVAT in females (B) MRPVAT and non-PVAT white RP fat (C) APVAT and non-PVAT brown SS fat. Bars represent means ± SEM for the number of animals
indicated by N. A P < 0.05 by two-way ANOVA was considered statistically significant. * inside the stack in the graph represents a significant difference in the
specific stack of immune cells between the two fats within each sex.

FIGURE 5 | PVATs and non-PVAT fats have similar numbers of CD25 expressing B cells. Immunophenotyping of mesenteric resistance (MR)PVAT, thoracic aortic
(A)PVAT, retroperitoneal (RP) fat, subscapular (SS) fat, and spleen, in healthy male and female SD rats. B220CD25 cells were quantified by flow cytometry and is
presented as absolute cell counts normalized to tissue weight (in mg). Comparisons between (A) MRPVAT and APVAT along with spleen (B) MRPVAT and non-PVAT
white RP fat (C) APVAT and non-PVAT brown SS fat. Bars represent means ± SEM for the number of animals indicated by N.

differentiation, and/or polarization status. Macrophages, T cells,
B cells, and NK cells constituted about 80% of the total immune
population in adipose tissues including PVATs (Figure 7). The
numbers outside each wedge represent the percentages of the
respective cell subpopulations that were classified [percentages of
immune cell subpopulations listed in Table 1 (excluding naïve
T cells), as percentage of each primary immune cell type in the
respective pie sector]. This figure gives us an overview of the
community of immune cells that are contained in PVATs. PVAT
vs. non-PVAT fat: PVATs contained a similar percentage of each
immune cell type vs. their respective non-PVAT fats. White vs.
brown fat: MRPVAT and RP fat (white) were rich in CD68+
macrophages and CD68+ macrophage subtypes, while APVAT
and SS fat (brown) were T-cell rich. Males vs. Females: Females
(Figure 7A) consisted of a greater fraction of NK cells (MRPVAT,
RP fat, and SS fat), T cells (APVAT), and a lesser percentage
of “other” cells (all fats) defined as unidentifiable population of

immune cells vs. males (Figure 7B). Raw data values with average
percentages of each immune cell type in PVATs, non-PVATs, and
spleen are presented in Table 3.

DISCUSSION

The current study tested the hypothesis that an activated immune
population exists in PVATs of healthy rats and that would be
different vs. their respective non-PVAT fats. Flow cytometry
was primarily employed. This work is important because: (1)
the study describes a reliable method to isolate immune cells
from multiple adipose tissues in rats and quantify them by flow
cytometry; (2) it is the first time a study has been designed
to compare the immune composition of two types of PVATs
with their respective non-PVAT fat controls in both sexes in
health; and (3) discrete immune subpopulations (naïve, recently
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FIGURE 6 | MRPVAT has a greater density of CD68+ macrophage subpopulation vs. APVAT and RP fat in females. Immunophenotyping of mesenteric resistance
(MR)PVAT, thoracic aortic (A)PVAT, retroperitoneal (RP) fat, subscapular (SS) fat, and spleen, in healthy male and female SD rats. Mature CD68+ macrophages
(CD68+CD163+ and CD68+CD86+MHCII+ cells) were quantified by flow cytometry. Each immune cell type is presented as absolute cell counts normalized to tissue
weight (in mg). Comparisons between (A) MRPVAT and APVAT along with spleen. In females, MRPVAT had a greater number of CD68+CD86+MHCII+ macrophages
and total CD68+ macrophage subpopulations vs. APVAT (females) and MRPVAT (males). (B) MRPVAT and non-PVAT white RP fat. In females, MRPVAT had a
greater number of CD68+CD86+MHCII+ macrophages and total CD68+ macrophage subpopulations vs. RP fat (C) APVAT and non-PVAT brown SS fat. Bars
represent means ± SEM for the number of animals indicated by N. A P < 0.05 by two-way ANOVA was considered statistically significant. * and # inside the stacks
in the graph represent a significant difference in the specific stack of immune cells between the two fats within each sex or between the sexes within each fat,
respectively. * and # outside the stacks in the graph represent a significant difference in the sum total of immune cells between the two fats within each sex or
between the sexes within each fat, respectively.

FIGURE 7 | Summary. Pie chart representation of each immune cell type as a percentage of total immune composition in MRPVAT, APVAT, RP fat, and SS fat in
males (A) and females (B). The numbers outside represent the percentages of immune cell subpopulations listed in Table 1 (excluding naïve T cells) as percentage
of each primary immune cell type in the respective pie sector.

activated, regulatory, and memory type) have been reported in
PVATs in healthy rats for the first time.

Immune cell percentages/numbers identified in the spleen
in the current study are consistent with the previous studies
in Sprague Dawley rats (Morris and Komocsar, 1997). The
current study has identified both innate and adaptive immune
cells homing in healthy PVATs. Approximately 15–30% of
immune cells were macrophages in adipose tissues including
PVATs. This is similar to other reports where close to 15% of
visceral adipose tissue is macrophages in lean mice, and are
predominantly found in the interstitial spaces between adipocytes
(Weisberg et al., 2003; Lumeng et al., 2008). In our present study,
T, B, and NK cells accounted for nearly 40–50% of immune cells

in healthy PVATs and non-PVATs. This is consistent with a recent
report where lymphocytes (T and B cells) were ∼38% of live
SVF cells in non-obese human abdominal subcutaneous WAT
(Acosta et al., 2016). We observe a minor (∼2–3% of immune
cells) mast cell and neutrophil population in PVATs and non-
PVATs, which is also consistent with the existing literature in mice
WAT (Ferrante, 2013). A distinct and substantial pool of memory
T and B subsets have been identified in PVATs and non-PVATs
here. This finding is also consistent with earlier mice studies
that have revealed the presence of different subpopulations of
memory T cells in non-PVAT WATs (Masopust et al., 2001;
Han et al., 2017). By contrast, our study has identified ∼80–95%
macrophages that are MHCII+ but other studies in mice that
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TABLE 3 | Immune subpopulations (for data graphed as pie charts in Figure 7) in spleen, MRPVAT, APVAT, RP fat, and SS fat in male and female SD rats.

Spleen MRPVAT APVAT RP fat SS fat

T cells

Male 39.2 ± 4 31.2 ± 3.3 45.4 ± 6.8* 31.9 ± 4.1 48.6 ± 5.4

Female 40.9 ± 2.7 37.4 ± 4.8 56.7 ± 2.4*# 33.4 ± 2.1 50.4 ± 4.5

B cells

Male 20 ± 2.8 4.4 ± 1 6.6 ± 2.4 7.4 ± 1.9 6.3 ± 1.1

Female 20.5 ± 2.1 7.8 ± 1.3 5.7 ± 1.2 4.2 ± 0.5 4.7 ± 1

NK cells

Male 8.6 ± 0.6 10.9 ± 2.5 10.8 ± 1 12.5 ± 2.5 14.1 ± 2.8

Female 11.9 ± 2.3 24.1 ± 3.7 14.1 ± 3.1 23.3 ± 3 20.5 ± 2.7

Macrophages

Male 10.5 ± 1.5 26.5 ± 7.5 18.9 ± 6.5 24.3 ± 7.2 11.8 ± 2.9

Female 7.6 ± 1 25.6 ± 6.8 14 ± 3.7 22.1 ± 4.8 14 ± 3.4

Neutrophils

Male 0.1 ± 0.1 0.7 ± 0.2 1 ± 0.3 1.3 ± 0.4 0.8 ± 0.2

Female 0.1 ± 0 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.2 ± 0.1

Mast cells

Male 0.1 ± 0 1.7 ± 0.9 1.2 ± 0.2 2 ± 1.2 2 ± 0.4

Female 0.1 ± 0 0.4 ± 0.1 1.5 ± 0.3 1.7 ± 0.9 1.7 ± 0.3

Data presented in the table are average percentages of each immune cell type± SEM. A P < 0.05 by two-way ANOVA was considered statistically significant. * represents
a significant difference in T cell percentage between MRPVAT and APVAT (both sexes). # represents a significant difference in T cell percentage between males and
females in APVAT.

have reported 55% of MHCII+macrophages in epididymal WAT
in mice (Morris et al., 2013). This disparity in observations may
be due to species differences in MHCII+ macrophages or due to
different antibodies used for identifying macrophages (F4/80 in
mice vs. CD68 in rats).

In Health, Is the Immune System of
PVATs Functionally Similar to Non-PVAT
Fats?
The current study has identified a similar immune cell subtypes
between PVATs and their respective non-PVAT fats in health.
Our study has also revealed that MRPVAT and RP fat are
rich in macrophages and T cells while APVAT and SS fat
are T cell rich. Gene and protein expression studies from
other labs reveal striking similarities between thoracic aortic
PVAT and classical interscapular brown adipose tissue in mice
(Fitzgibbons et al., 2011; Hildebrand et al., 2018) that are
significantly different from WAT. This aligns well with our
current findings and suggests that MRPVAT may be functionally
similar to its respective non-PVAT RP fat, but different from
APVAT. However, on the contrary, some previous studies also
suggest that PVATs may be functionally different from their
respective non-PVAT fats. Smooth muscle-specific peroxisome
proliferator-activated receptor γ-knockout in mice resulted in
selective loss of mesenteric and aortic PVAT, leaving the other
fats (interscapular brown adipose tissue, gonadal WAT, and
subcutaneous WAT) intact (Chang et al., 2012). This strongly
supports that PVATs have different developmental properties
than non-PVAT fats. Other studies have reported that visceral,
gonadal, and subcutaneous fats hold distinct memory T cell gene
signatures vs. spleen in mice (Han et al., 2017). This suggests that

anatomically different adipose tissues may possess functionally
distinct immune sub-populations. The close proximity of PVAT
to the blood vessels (unlike other non-PVAT fats), the differences
in the local tissue microenvironment and interaction with other
immune/non-immune cells (Mahlakõiv et al., 2019) within the
tissue are all likely to determine the fate and physiological
functions of these immune cells in PVATs.

Potential Roles of the Mature Immune
Reservoir in PVATs
Finding what appears to be a recently activated, memory and/or
polarized subtype of T cells, B cells, and macrophages in
the PVATs of healthy rats raise a number of questions. First,
why and how do immune cells in healthy PVATs become
activated or acquire memory? Second, what functions do
these different immune subtypes at steady state perform in
healthy PVATs?

In our current study, the majority of T cells in adipose
tissues including PVATs were either of naïve or memory
phenotype. Non-PVAT WAT has an immune compartment
that nurtures long-term maintenance in health and rapid re-
activation of memory T cells in disease (Han et al., 2017).
Over 80% of CD68+ macrophages are MHCII+ in PVATs in
health. MHCII-mediated antigen presentation is critical for the
development and maintenance of visceral adipose tissue Treg
cells in healthy mice (Zeng et al., 2018). PVATs may serve
similar functions and may participate in classical immunological
host defense against pathogens. The endogenous activators of
immune cells in PVATs in health have not yet been discovered.
However, activated immune cells in PVATs may also be
essential to produce regulatory molecules and other mediators
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to promote specific functions in other immune niches. WAT-
resident anti-inflammatory macrophages, Tregs, and eosinophils
directly/promote release of anti-inflammatory cytokines such as
IL-10, transforming growth factor-β (Gong et al., 2012; Oh and
Li, 2013; Grant and Dixit, 2015). These steady state immune
cells and the cytokines released promote tissue repair and
extracellular matrix remodeling, clear cell debris, aid in lipolysis,
adipogenesis, angiogenesis, and overall help maintain insulin
sensitivity (Schipper et al., 2012b). The paracrine action of PVAT
on the vasculature may be much stronger than other adipose
depots due to PVATs location relative to vascular tunica media
and adventitia (Goodpaster et al., 2005; Gollasch, 2012; Noblet
et al., 2015). Immune cells may either directly release factors
that are anti-contractile or promote other cells in PVAT (e.g.,
adipocytes) to release relaxants. For example, IL-10 and IL-1β

produced by macrophages and Tregs inhibit vascular smooth
muscle cell contraction (Marceau et al., 2010; Zemse et al.,
2010). PVAT-resident eosinophils directly release catecholamines
that stimulate adipocytes to produce adiponectin and nitric
oxide, via β-3 adrenoreceptors, which cause vasorelaxation
(Withers et al., 2017).

Third, what provokes the protective PVAT-resident immune
population to decline/maladapt in pathologies such as obesity,
hypertension, and atherosclerosis? In disease, increased
hypoxia/oxidative stress, excess free fatty acids, increased
metabolic damage associated molecular patterns, and pattern
associated molecular patterns are some known triggers that
activate the innate immune cells which in-turn present the
antigens to the adaptive immune cells in non-PVAT adipose
tissues (Guzik et al., 2017). Further studies are warranted to
identify the initiators and mechanisms of maladaptation of
immune cells in PVAT in disease.

Limitations
We recognize several limitations of our current work. First, the
percentage of immune cells as determined by our gating strategy
in each tissue does not total up to a hundred. Several reasons
could explain this: (i) eosinophils and B cell subtypes could not
be detected by flow cytometry due to lack of reliable surface
markers/flow cytometry antibodies that can detect eosinophils
and other B cell subtypes in rats; (ii) the adipose tissues could
contain other immune cell types such as dendritic cells, type 2
innate lymphoid cells (ILC 2), and other immune cell types not
expressing the flow markers that have been used in this study; (iii)
PVATs and other fats of healthy rats contain unidentified/poorly
defined immune cell populations. Second, we have not studied
the contribution of immune cells in PVAT to arterial function.
While important, this was beyond the scope of the present study
which was dedicated to determine the immune cell community
that exists in PVAT. Future studies to understand the functional
capabilities (including arterial function) of the identified immune
cells in PVAT are warranted. Third, the estrous staging of the
female rats was not determined in this study. Fourth, lineage
tracking studies would be necessary to clarify the origin of the
immune cells identified in PVATs. Finally, collagenase digestion
is the gold standard method for immune cell isolation from
adipose tissues. Although the effect of collagenase on immune

cell activation is unknown, interpretations should be made with
caution as surface expression of markers could have been altered
with enzymatic treatment.

CONCLUSION

In summary, this study for the first time has identified discrete
subpopulations of T cells, B cells, NK cells, and macrophages
in healthy PVATs of both male and female Sprague Dawley
rats, that are not distinctly different from non-PVAT fats. The
current study not only highlights the similarities in the immune
composition of PVATs vs. non-PVAT fats, males vs. females, but
also the local heterogeneity of different PVATs in health. This
leads to the question of what the different immune cell subtypes
in healthy subtypes do and if we can exploit these similarities to
develop broad-spectrum immunotherapeutic targets to white or
brown fats including PVATs.
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