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ABSTRACT

All cells of the immune system reside in adipose tissue (AT), and increasing type 2 immune cells may be a therapeutic strategy to

improve metabolic health. In our previous study using i.p. IL-5 injections to increase eosinophils, we observed that a standard vehicle

control of 0.1% BSA also elicited profound AT eosinophilia. In this study, we aimed to determine whether BSA-induced AT eosinophilia

results in metabolic benefits in murine models of diet-induced obesity. I.p. 0.1% BSA injections increased AT eosinophils after 4 wk.

Despite elevating eosinophils to >50% of immune cells in the AT, body weight and glucose tolerance were not different between

groups. Interestingly, BSA elicited epithelial IL-33 production, as well as gene expression for type 2 cytokines and IgE production that

were dependent on IL-33. Moreover, multiple models of OVA sensitization also drove AT eosinophilia. Following transplantation of a

donor fat pad with BSA-induced eosinophilia, OVA-sensitized recipient mice had higher numbers of bronchoalveolar lavage

eosinophils that were recipient derived. Interestingly, lungs of recipient mice contained eosinophils, macrophages, and CD8 T cells

from the donor AT. These trafficked similarly from BSA- and non-BSA–treated AT, suggesting even otherwise healthy AT serves as a

reservoir of immune cells capable of migrating to the lungs. In conclusion, our studies suggest that i.p. injections of BSA and OVA

induce an allergic response in the AT that elicits eosinophil recruitment, which may be an important consideration for those using OVA

in animal models of allergic disease. ImmunoHorizons, 2023, 7: 842–852.

INTRODUCTION

Immune cells play an important role in adipose tissue (AT)
homeostasis (1). Immune cells involved in type 2 inflammation,

including Th2 cells, macrophage 2 (M2) cells, group 2 innate
lymphoid cells, mast cells, basophils, and eosinophils help to
promote healthy expansion and contraction of adipocytes and
remodeling of the stromal tissue during lipid storage and
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release. However, following weight gain and AT expansion, there
is an influx of type 1 immune cells that contribute to the secre-
tion of inflammatory mediators while acting to buffer excess
lipid (2). Cytokines such as IL-1b, TNF-a, and IL-6 directly im-
pair insulin signaling and promote adipocyte lipolysis, which
eventually lead to ectopic lipid accumulation and the develop-
ment of type 2 diabetes (3, 4).

Restoring type 2 immunity has been proposed to improve
AT homeostasis and dampen metabolic disease following obe-
sity (5, 6). This has been accomplished successfully in mouse
models using T regulatory cell manipulations and IL-33 injec-
tions (7�10); however, the impact of eosinophil expansion is
less straightforward (11). Eosinophilia in IL-5 transgenic mice
or with helminth infection was associated with reduced weight
gain and glucose intolerance following a high-fat diet (HFD)
(12). However, we previously showed that increasing adipose
eosinophils via CCR2 deficiency (13) and i.p. recombinant IL-5
injections (14) does not improve glucose tolerance for HFD-fed
mice. While conducting the studies above, we observed that
BSA, our vehicle control, also elicited substantial AT eosino-
philia at a dose of 0.1%. Although we conducted the remaining
published studies using a lower dose of BSA, which does not
elicit AT eosinophil accumulation, we were interested in fur-
ther understanding the effects of BSA-induced eosinophilia.

Thus, the primary goal of this study was to understand the
mechanism by which BSA induces AT eosinophilia and deter-
mine whether this results in reduced body weight and improved
glucose tolerance in models of diet-induced obesity. Although
BSA did not improve metabolic parameters, we did identify an
IL-33�dependent mechanism by which BSA elicits AT eosinophil
accumulation. Moreover, we have found that OVA sensitization
drives AT eosinophilia and may be an important consideration
for those employing the widely used OVA model of allergic dis-
ease. Finally, we show that AT eosinophilia increases bronchoal-
veolar lavage (BAL) eosinophils in a model of OVA challenge
and that adipose eosinophils, macrophages, and T cells can trav-
erse from AT to the lungs, suggesting a role for cross-talk be-
tween these two organs that may have implications in obesity,
allergic lung disease, and more.

MATERIALS AND METHODS

Mouse models
C57BL/6J, BALB/cByJ, and CByJ.SJL(B6)-Ptprca/J mice were
purchased from The Jackson Laboratory at 7�10 wk of age and
housed in the animal facility at Vanderbilt University for 1 wk to
acclimate. Additionally, Il33cit/1 and Il33cit/cit reporter mice (15)
were the gift of Dr. Andrew N.J. McKenzie (16). All animal
procedures were approved by Vanderbilt�s Institutional Animal
Care and Use Committee prior to their implementation.

BSA injection model. At 8�12 wk of age, mice were i.p. injected
with 250 ml of saline or 0.1% BSA (Sigma-Aldrich, catalog no.
A7030) twice weekly for 4 or 8 wk (or as specified in time-

course or dose�response experiments). Of note, we have also
used BSA (Sigma-Aldrich, catalog no. A8806) with low endo-
toxin with comparable results to ensure that the effects were not
LPS-dependent. Mice were euthanized and tissue was harvested
24 h after the final injection.

Diet induced obesity and glucose tolerance tests. Mice either re-
mained on chow diet or were given ad libitum access to a HFD
with 60% kcal from fat (Research Diets, New Brunswick, NJ)
for 4�8 wk. A dose response of BSA was completed with i.p. in-
jections twice per week at 0, 0.001, 0.01, and 0.1%. Body compo-
sition was measured to obtain lean mass and fat mass by nuclear
magnetic resonance using a Bruker Minispec instrument in
Vanderbilt�s Mouse Metabolic Phenotyping Center during week
4 or 8. Mice were fasted for 6 h during the light cycle for glu-
cose tolerance testing. Fasting blood glucose levels were read
using an Accu-Chek Aviva Plus glucometer (Roche) via the tail
vein. A 20% glucose solution was administered i.p. at 2 g/kg
lean mass, followed by blood glucose readings at 15, 30, 45,
60, 90, and 120 min after glucose injection.

OVA models. Mice were i.p. injected with 250 ml of saline or
0.1% OVA (Sigma-Aldrich, catalog no. A2512) twice a week for
4 wk as in our BSA experiments above. Mice were euthanized
and tissue was harvested 24 h after the final injection. To use a
more standard OVA model of sensitization (17), mice were i.p.
injected at day 0 with OVA�aluminum hydroxide (alum) (100 ml
of OVA [10 mg] 1 alum [20 mg] solution) or alum alone. Mice
were euthanized and tissue was harvested on day 14.

Alternaria model. Mice were challenged intranasally with 5 mg
of Alternaria extract (Stallergenes Greer) in 100 ml of PBS or
100 ml of PBS as the vehicle for 4 consecutive days (18). Mice
were euthanized and tissue was harvested 24 h after the final
challenge.

AT transplants. Donor mice (BALB/cByJ expressing CD45.2)
were i.p. injected with 250 ml of saline or 0.1% BSA (Sigma-
Aldrich, catalog no. A7030) twice a week for 4 wk to elicit AT
with eosinophilia or without. Recipient mice (CByJ.SJL(B6)-
Ptprca/J on the BALB/cByJ background expressing CD45.1)
were sensitized i.p. with OVA-alum (100 ml of OVA [10 mg] 1
alum [20 mg] solution). One week following sensitization, donor
mice were euthanized and one epididymal adipose fat pad was
transplanted into the peritoneal cavity of each recipient mouse
with the help of Vanderbilt�s Mouse Metabolic Phenotyping
Center. One week following transplantation (14 d following sen-
sitization), recipient mice were challenged with 1% OVA-PBS so-
lution created by an ultrasonic nebulizer for 40 min each day for
3 d. Mice were euthanized and tissue was harvested 24 h after
the final challenge.

Immune cell isolation
Adipose stromal vascular fraction isolation. Adipose tissue was
excised, weighed on a Mettler Toledo scale, and minced in a
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1% FBS/PBS solution. AT was then digested with 2 mg/ml
type II collagenase (Sigma-Aldrich, catalog no. C6885) for
40 min at 37�C. Digested AT was then diluted in 1% FBS/
PBS, vortexed, and passed through a 100-mm filter. Follow-
ing centrifugation, RBCs were lysed with ACK (ammonium-
chloride-potassium) lysis buffer and remaining stromal vas-
cular cells were passed through 35-mm filters for further analysis.

Lung immune cell isolation. Lung tissue was excised, weighed
on a Mettler Toledo scale, and minced in a 5% FBS/RPMI 1640
solution. Lung tissue was then digested with 0.5 mg/ml type IV
collagenase (Worthington Biochemical, catalog no. LS004188)
plus DNase (2 mg/ml) for 25 min at 37�C. EDTA (1:100) was
added to stop digestion and cells were vortexed and forced
through a 100-mm filter with a syringe. After centrifugation,
RBCs were lysed with ACK lysis buffer and the remaining cells
were passed through 35-mm filters for further analysis.

Blood cell isolation. Approximately 200 ml of blood was col-
lected retro-orbitally in heparinized capillary tubes. Blood was
diluted with 2 ml of deionized water in a 15-ml conical tube
and mixed by inverting for 15 s to lyse RBCs. The reaction
was neutralized by dilution with 10 ml of 1% FBS/PBS, centri-
fuged, and decanted; the cell pellet was resuspended and used
for further analysis.

BAL fluid isolation. The trachea was isolated and cleaned and
then a small incision was made for an endotracheal tube in-
sertion. Saline (800 ml) was instilled into the lungs and then
aspirated from the airways using the same syringe. Samples
were excluded for four mice with bloody BAL, which required
ACK lysis.

Flow cytometry
Isolated immune cells were first incubated with purified rat
anti-mouse CD16/CD32 Fc Block (1:200, BD Biosciences, cata-
log no. 553141) for 5�10 min on ice. Cells were stained at 1:200
or as noted for 30 min at 4�C, while protected from light, with
a combination of fluorophore-conjugated Abs as follows: BV510
anti-mouse CD45 (BioLegend, catalog no. 103137), allophyco-
cyanin-Cy7 anti-mouse CD45 (BioLegend, catalog no. 103116),
allophycocyanin anti-mouse CD45.1 (BioLegend, catalog no.
110714), BV510 anti-mouse CD45.2 (BioLegend, catalog no.
109839), BV711 anti-mouse CD11b (BD Biosciences, catalog
no. 563168), FITC anti-mouse CD11b (BD Biosciences, cata-
log no. 553310), PE anti-mouse Siglec-F (BD Biosciences, catalog
no. 552126), BV421 anti-mouse Siglec-F (BD Biosciences, catalog
no. 562681), PerCP-Cy5.5 anti-mouse Ly6C (BD Biosciences, cat-
alog no. 560525), allophycocyanin-Cy7 anti-mouse F480 (Bio-
Legend, catalog no. 123118), PE anti-mouse Ly6G (BioLegend,
catalog no. 127607), allophycocyanin-Cy7 anti-mouse TCRb
(BD Biosciences, catalog no. 562681), AF700 anti-mouse CD4
(BD Biosciences, catalog no. 116022), FITC anti-mouse CD8 (BD
Biosciences, catalog no. 553031), AF647 anti-mouse CD19
(BD Biosciences, catalog no. 557684), FITC anti-mouse B220

(BD Biosciences, catalog no. 553088), allophycocyanin-Cy7 anti-
mouse CD117 (BioLegend, catalog no. 105825), allophycocyanin
anti-mouse FceR1 (BioLegend, catalog no. 134315), BV711 anti-
mouse CD103 (BioLegend, catalog no. 121435), BV605 anti-
mouse EpCAM (BioLegend, catalog no. 118227), and PE-Cy7
anti-mouse CD31 (BioLegend, catalog no. 102418). Cells were
washed several times, counting beads were added (Count-
Bright absolute counting beads, Thermo Fisher Scientific, cat-
alog no. C36950), and cells were stained with viability dye (1
mg/ml DAPI or propidium iodide) just before flow cytometric
analysis. Cells were analyzed on a four-laser BD LSRFortessa
(BD Biosciences) in the Vanderbilt Flow Cytometry Shared Re-
source or on the Miltenyi Biotec MACSQuant 10 in our labora-
tory. Results were analyzed using FlowJo software with the
following gating scheme: forward scatter/side scatter (debris re-
moved), forward scatter height/forward scatter area (single
cells), propidium iodide or DAPI (live), and CD451/�/1.1/1.2 as
required by the experiment. The following markers were then
used for each cell population: AT eosinophils (CD11b1Siglec-F1),
lung eosinophils (CD11b1Siglec-Fmod), lung alveolar macro-
phages (CD11bloSiglec-Fhi), myeloid cells (CD11b1), classical
monocytes (CD11b1Ly6Chi), macrophages (CD11b1F4801), neu-
trophils (Ly6G1), T cells (TCRb1), CD4 T cells (TCRb1

CD41), CD8 T cells (TCRb1CD81), B cells (CD191B2201),
mast cells (CD1171FceR11), dendritic cells (CD1031),
epithelial cells (CD45�EpCAM1), and endothelial cells
(CD45�CD311).

BAL inflammatory cell analysis
Total cells were counted from each BAL collection using a he-
mocytometer. BAL fluid (100 ml) was then cytospun. Slides
were stained with a three-step stain kit (Epredia). Cell differen-
tial counts were performed by an investigator blinded to the ex-
perimental groups using staining and morphology to classify the
cells as macrophages, eosinophils, leukocytes, and neutrophils.

Quantitative PCR
Tissues were homogenized in TRIzol, and RNeasy mini kits
(Qiagen, catalog no. 74104) were used to isolate RNA according
to the manufacturer�s instructions. Purified RNA was reverse
transcribed into cDNA by iScript RT (Bio-Rad, catalog no.
1708841), and gene expression was quantified using a FAM-
conjugated TaqMan gene expression assay (Life Technologies)
and iQ Supermix (Bio-Rad, catalog no. 1708862). Data were
normalized to 18S using the 2�DDCt method.

Statistical analysis
All statistical graphs and analyses were performed in GraphPad
Prism 9.0 software. Statistical tests include a Student t test, a
one-way ANOVA with a post hoc test for multiple comparisons,
and a two-way ANOVA with a post hoc test for multiple com-
parisons. Prior to statistical analysis, any outliers were removed
by the ROUT method, with Q 5 5%. Significance was defined
by a p value of 0.05.
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FIGURE 1. I.p. BSA injections induce

AT eosinophilia in C57BL/6J mice.

(A) Schematic of study design. BSA was

injected i.p. twice weekly at 0–0.1% for

4 or 8 wk in C57BL/6J male mice.

(B) Representative gating strategy/flow

plots for adipose tissue eosinophils.

(C and D) Percent and number of eosi-

nophils per gram of fat were quantified

at (C) 4 and (D) 8 wk by flow cytometry.

Data represent the mean 6 SEM of 4–10

mice/group and each experiment was

completed twice. **p < 0.01, *** p <

0.001 by one-way ANOVA and a Dunnett

multiple comparison test.
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RESULTS

Repeated exposure to low-dose BSA induces adipose
eosinophilia in C57BL/6J mice
To experimentally test our previous observation that low-dose
BSA, often used as a carrier protein, can induce AT eosino-
philia, C57BL/6J mice were i.p. injected with 250 ml of saline
or BSA (0.001, 0.01, and 0.1%) twice weekly for 4 or 8 wk
(Fig. 1A). Flow cytometry was used to quantify eosinophils,
and a representative flow plot can be found in Fig. 1B. After
both 4 and 8 wk of treatment, a concentration of at least
0.1% BSA treatment was required to significantly increase
the percent and total number of AT eosinophils (Fig. 1C, 1D).
Strikingly, this increase in eosinophils accounted for more
than half of the entire epididymal AT immune cell milieu
(CD451 leukocytes), a 3-fold increase from �20% at baseline
to �60% with BSA treatment.

BSA-induced AT eosinophilia does not protect against
diet-induced obesity or glucose intolerance
Whether AT eosinophilia can improve systemic glucose in-
tolerance associated with obesity is dependent on the model

used (11). Thus, we sought to determine whether BSA-induced
AT eosinophilia could protect against weight gain and glucose
intolerance following HFD feeding. C57BL/6J mice were fed a
60% HFD for either 4 or 8 wk and 250 ml of saline or 0.1%
BSA was injected twice per week for the duration of the diet
(Fig. 2A). By 4 wk, there was a trend toward increased AT eo-
sinophilia (Fig. 2B) with no difference in body weight gain
(Fig. 2C) or glucose tolerance (Fig. 2D). After 8 wk, 0.1% BSA
significantly increased adipose eosinophils as a percent of total
leukocytes and as number per gram of tissue (Fig. 2E). Even
with this large influx of eosinophils, there was no difference
in body weight gain (Fig. 2F) or glucose tolerance (Fig. 2G)
compared with saline-injected controls.

BSA increases AT, lung, and blood eosinophils in BALB/c
mice
Although a dramatic increase in AT eosinophils was not protec-
tive against metabolic disease, eosinophils are often involved in
the pathogenesis of Th2-mediated diseases such as allergy and
asthma (19). Thus, we also confirmed our results in BALB/c
mice (Fig. 3A, schematic), which are Th2 prone and more sus-
ceptible to the development of asthma and allergy (20). As in

FIGURE 2. BSA-induced AT eosinophil accumulation does not protect against diet-induced obesity or glucose intolerance in C57BL/6J mice.

(A) Schematic of study design. Male C57BL/6J mice were placed on a high-fat diet (HFD) for 4 or 8 wk and BSA was injected i.p. twice weekly at

a concentration of 0–0.1% during the course of the study. (B and E) Adipose tissue eosinophils were quantified by flow cytometry at the end of the

4 (B) or 8 wk (E) study and are presented as percent of CD451 cell and as number per gram of tissue. (C and F) Body weight of mice during the

4- and 8-wk studies. (D and G) Glucose tolerance tests were performed at 4 and 8 wk using 2 g/kg body weight of dextrose injected i.p. Data represent

the mean 6 SEM of 4–10 mice/group, and each experiment was completed twice. *p < 0.05, **p < 0.01 by one-way ANOVA and a Dunnett multiple

comparison test (B and E) or two-way ANOVA (C, D, F, and G).
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C57BL/6J mice, there was a significant increase of eosinophils
in AT by percent and number per gram after 4 wk of BSA ex-
posure (Fig. 3B). Additionally, there was a significant increase

in the percent of eosinophils in the lung (Fig. 3C) and blood
(Fig. 3D). Eosinophils increased as percent and number per
gram of total AT immune cells (CD451), and there was

FIGURE 3. BSA injections induce eosinophil accumulation in the adipose tissue and lungs of BALB/c mice.

(A) Schematic of study design. BSA was injected i.p. twice weekly at 0.1% for up to 4 wk in BALB/c male mice. (B–D) The percent and number of

eosinophils were quantified by flow cytometry in (B) epididymal adipose tissue, (C) lung, and (D) blood at the end of the 4-wk study. Data represent

the mean 6 SEM of 9–12 mice/group and each experiment was completed twice. *p < 0.05, **p < 0.01, ***p < 0.001 by a two-way ANOVA and a

Bonferroni post hoc test (B) or t test (C and D).

FIGURE 4. BSA induces type 2 gene expres-

sion in the adipose tissue.

BSA was injected i.p. twice weekly at 0.1% for

4 wk in BALB/c males. (A) Th2-associated

genes and (B) macrophage 1 (M1)–like and

M2-like genes were assessed by quantitative

PCR. Data represent the mean 6 SEM of

n 5 10–12/group from two experiments.

*p < 0.05, **p < 0.01, ***p < 0.001 by

t test.
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a compensatory reduction in AT macrophages by percent
(Supplemental Fig. 1); however, no other immune cell popu-
lation analyzed in the AT (Supplemental Fig. 1) and lung
(Supplemental Fig. 2) showed a significant change.

BSA induces a type 2 allergic response, partly dependent
on IL-33
To further explore whether AT eosinophilia is driven by Th2-
mediated processes, we analyzed gene expression across a
panel of type 2 genes in mice treated with saline or BSA during
4 wk. There was a significant increase in multiple Th2 cytokines
(Il4, Il5, and Il13) as well as Siglecf (eosinophil-specific marker)
and Il33 (eosinophil activation/recruitment) with BSA treat-
ment (Fig. 4A). Moreover, there was a significant increase in
M2-associated genes (Chil3, Arg1, and Cd163; Fig. 4B).

IL-33 can be released from damaged epithelial cells as
an alarmin, initiating Th2 polarization and activating group
2 innate lymphoid cells, eosinophils, and mast cells in allergic
development. Using Il33cit/1 fluorescent reporter mice that ex-
press the citrine gene directly downstream of the ATG start co-
don of Il33 (15), we found that citrine expression was elevated
in the AT stromal epithelial cells (CD45�EpCAM1) following
BSA injections (Fig. 5A). There were no differences in citrine
expression in other adipose populations (shown in Fig. 5A) or
adipose FceR11 cells (data not shown). Additionally, there
were no differences in any lung populations (data not shown).
As the Il33cit/cit mice can also be used as IL-33�deficient mice
(15), we found that without functional IL-33, BSA did not induce
significant eosinophilia in the AT (Fig. 5B) or blood (Fig. 5C).
Moreover, whereas IgE levels in the blood were significantly

FIGURE 5. The induction of eosinophil

accumulation by BSA is partially driven

by epithelial IL-33.

(A) BSA was injected i.p. twice weekly at

0.1% for 4 wk in male and female IL-33

reporter (het) mice. Citrine expression was

assessed in the adipose tissue by flow cy-

tometry, and the indicated IL-33 is primar-

ily expressed in epithelial cells. BSA was

injected twice weekly at 0.1% for 4 wk in

WT BALB/c or IL-33 knockout (KO) male

and female mice. (B and C) Percent and

number of eosinophils were quantified by

flow cytometry in (B) adipose tissue and

(C) blood. (D) IgE was measured in the

blood. Data represent the mean 6 SEM of

n 5 5–12/group from two experiments.

*p < 0.05, **p < 0.01 by a t test (A) or one-

way ANOVA and Tukey pairwise compari-

sons (B–D). NSD, no statistical difference.
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elevated with BSA treatment in WT mice, this was significantly
reduced in IL-33�deficient mice (Fig. 5D).

OVA of standard allergy models also induces AT
eosinophilia
OVA is a protein that has historically been used as an Ag in
mouse models of allergic disease; thus, the potential for OVA to
induce AT accumulation of eosinophils is relevant to this dis-
ease model (20). Following the same injection protocol as for
BSA (Fig. 6A), we found that i.p. OVA injections also elicit eo-
sinophilia in AT (Fig. 6B) and lung (Fig. 6C). This model is a
fairly high dose of albumin, and many standard protocols
elicit allergic disease using a lower dose alongside the adju-
vant (17, 20). Thus, BALB/c mice were i.p. injected with alum
(20 mg) or OVA (10 mg) 1 alum (20 mg) (Fig. 6D). After 14 d,
mice receiving OVA 1 alum demonstrated increased AT eosi-
nophils compared with alum alone (Fig. 6E).

As many scientists are moving away from OVA models due
to limitations in translation to human allergy (21), we also ex-
plored an Alternaria extract model of allergy with 4 d of intra-
nasal sensitization and challenge following saline or BSA
injections as above (Supplemental Fig. 3A and Ref. 18). While
BSA increased eosinophils in the AT compared with saline
treatment as expected, Alternaria exposure itself did not in-
crease AT eosinophilia and BSA-induced eosinophilia was not
augmented by Alternaria exposure (Supplemental Fig. 3B). To
examine the effect of BSA-induced eosinophilia on the re-
sponse of other immune populations to Alternaria in the lung,
we compared saline- and BSA-treated groups challenged with
Alternaria. The only significant difference in lung populations
was a reduction in macrophages (CD11b1F4801) in the BSA-
treated group (Supplemental Fig. 3C). However, the increase
in lung eosinophils, alveolar macrophages, total macrophages,
and neutrophils was also blunted following BSA treatment
(Supplemental Fig. 3D�F).

Adipose eosinophilia increases BAL eosinophilia in a
transplant model
To determine whether an increase in AT eosinophils impacts
allergic responses of the lung, CD45.2 donors were given BSA
to induce AT eosinophilia and then this epididymal AT was
transplanted into CD45.1 recipient mice sensitized with OVA-
alum. Fourteen days following sensitization and 1 wk follow-
ing transplantation, recipients were challenged with OVA in-
halation over 3 d (Fig. 7A). Whereas the total AT immune
cells and eosinophils were not different in the recipient AT 1 wk
after transplant and OVA challenge, more donor eosinophils per-
sisted in the transplanted AT from the BSA-injected donor mice
than the saline-injected controls (Supplemental Fig. 4A�C). In
contrast, donor adipose of saline-injected controls, once trans-
planted, was more heavily repopulated by eosinophils of recipient
mice than donor adipose of BSA-injected mice (Supplemental
Fig. 4C). Lung BAL fluid of recipients transplanted with hypereo-
sinophilic AT from BSA donors had increased BAL eosinophils

(Fig. 7B) compared with BAL of mice with control AT trans-
plants. This was confirmed by flow cytometry (Fig. 7C, 7D).
Interestingly, all BAL eosinophils were CD45.1 recipient cells
(Fig. 7E), indicating that the elevated BAL eosinophils were

FIGURE 6. Intraperitoneal injection of OVA induces adipose tissue

eosinophil accumulation.

(A) Schematic of study design. BSA or OVA were injected i.p. twice

weekly at 0.1% for 4 wk in BALB/c male mice. (B and C) Percent and

number of eosinophils were quantified by flow cytometry in (B) epidid-

ymal adipose tissue and (C) lung. (D) Schematic of study design. OVA

(10 mg) 1 alum (20 mg) or alum (20 mg) was injected once in BALB/c

male and female mice. (E) At day 14, percent and number of eosino-

phils were quantified by flow cytometry in epididymal adipose tissue.

Data represent the mean 6 SEM of n 5 4/group in saline and BSA groups

and n 5 8–13/group in the OVA groups. Experiments were repeated

twice. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA with a

Dunnett multiple comparison test (B and C) or t test (E).
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FIGURE 7. Adipose transplants from BSA treated mice increase recipient BAL eosinophils following OVA challenge in recipient mice.

(A) Schematic of study design. Saline or 0.1% BSA was injected into male BALB/c (CD45.2) donors for 4 wk. Epididymal adipose tissue from these do-

nor mice was then transplanted into the peritoneal cavity of male CD45.1 recipients who had received OVA (10 mg) 1 alum (20 mg) 1 wk prior. After

one additional week of OVA 1 alum injection, all mice inhaled OVA for 45 min for 3 d. (B) BAL differential counts by Giemsa staining. (C) Percent eosi-

nophils of all BAL cells. (D) Percent eosinophils of CD451 BAL cells. (E) Percent of each eosinophil isotype (CD45.1 or CD45.2) in BAL. (Continued)
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not directly derived from the transplanted AT, but rather a sec-
ondary effect. Moreover, although there was no difference in
total CD451 cells in the lung tissue itself (Fig. 7F), the lung eo-
sinophils (Fig. 7G, 7H), or any other lung populations following
transplant and challenge (Fig. 7I, 7J, Supplemental Fig. 4D�I),
there were donor eosinophils (Fig. 7H), F4801 and F4801

CD641 macrophage populations (Fig. 7I, 7J), and CD81 T
cells (Supplemental Fig. 4I), suggesting trafficking from all do-
nor AT to the lung.

DISCUSSION

We previously observed that BSA, as a vehicle control for
rIL-5, elicited AT eosinophilia at a dose of 0.1%. Here, we
found that IP injections of 0.1% BSA twice per week for 4 wk
elicits eosinophil accumulation in the gonadal AT. Despite con-
sistently making up more than >40% of the AT immune cells,
adipose eosinophilia provided no benefits to systemic metabo-
lism. This supported our previous findings where IL-5�driven
eosinophilia was also not protective against weight gain or glu-
cose intolerance (14), despite improvements following hel-
minth or transgenic-driven increases in AT eosinophils shown
by others (12, 22). We have published a commentary outlining
a few differences between our studies and others (11), which
includes whether eosinophils are systemically elevated through
the lifetime of the mouse versus recruited just to the adipose
tissue prior to or following HFD feeding. We hope to see fur-
ther research continue to evaluate how the source (tissue-
resident progenitor cells versus bone marrow), polarization
status, activation signals, and distribution of eosinophils may
influence metabolic protection. Importantly, others are also be-
ginning to recognize the heterogeneity of eosinophils in other
disease contexts, and further understanding of this heterogene-
ity will be important for therapeutic development across many
medical fields (23).

We found that adipose eosinophil accumulation occurs via
the induction of type 2 immune pathways (24, 25). BSA elicits
IL-33 production by AT epithelial cells as well as gene ex-
pression for type 2 cytokines (Il4, Il5, Il13), M2 macrophage
polarization genes (Chil3, Arg1, Cd163), and IgE production,
suggesting that BSA induces an allergic response. However,
it is noteworthy that we did not measure BSA-specific IgE.
Adipose eosinophilia and IgE production were reduced in
IL-33�deficient mice, suggesting that adipose eosinophilia is
partially dependent on IL-33 release. Interestingly, allergy to
bovine meat, and specifically BSA, can be considered a cause
of eosinophilic esophagitis in humans, as presented in a case
study (26). Moreover, it has been previously shown that AT

macrophages can function as APCs by i.p. injection of FITC-
labeled OVA (27). One hour following the injection, the OVA
was detectable in adipose macrophages throughout visceral fat
and in fat-associated lymphoid clusters. Four weeks following
the initial injection, we did not detect a change in adipose mac-
rophage, T cell, or B cell number; however, it is plausible that
similar Ag presentation may occur in our model to mediate the
early cytokine response with the induction of adaptive immu-
nity and IgE production.

Our findings suggest that multiple sources of albumin can
induce AT eosinophilia as shown by both BSA or OVA injec-
tions and in a more standard model of OVA-alum sensitiza-
tion (17). Importantly, we did not see that Alternaria extract
inhalation induced AT eosinophilia, suggesting a specificity
to BSA i.p. injections. However, we did find that BSA injec-
tions dampen Alternaria extract�induced cell migration to the
lung, and we found that following transplantation of a donor
adipose fat pad with BSA-induced eosinophilia, BAL eosinophil
numbers are higher following OVA challenge. Moreover, we
showed that some donor adipose immune cells trafficked into
the lung (eosinophils, macrophages, and CD81 T cells); how-
ever, there was no difference in trafficking based on donor adi-
pose tissue eosinophilia. This study did not further characterize
the recruited cells (e.g., the state of macrophage polarization);
however, future studies exploring the polarization and activa-
tion of the recruited cells may reveal previously unappreciated
biology. Importantly, this work contributes (to our knowledge)
new evidence that innate immune cells can traffic out of the
adipose, which has recently been shown with adipose macro-
phage trafficking to the eye and brain (28, 29). Taken together,
these studies support a broader role for AT immune cells in
metabolic and inflammatory diseases.

In conclusion, i.p. BSA and OVA injections induce sensitiza-
tion and AT eosinophilia that is IL-33�dependent. This may be
of interest to those who use OVA models of allergic disease. Sen-
sitization is often attributed to draining lymph nodes, especially
in inhalation models, but our data support the notion that most
i.p. injection models likely induce systemic sensitization (21).
Moreover, these data suggest additional rationale for why many
allergy researchers have begun to move away from OVA and
toward models such as the house dust mite, adding to a list of
what others have noted: OVA is not a human Ag, it does not
replicate chronic allergic asthma, and it does not require IgE
and mast cells when OVA is administered with alum (19, 21).
Lastly, our work adds to the growing list of studies suggesting
that immune cells can traffic not only in, but also out of the fat,
suggesting a role for the AT as an immune cell reservoir.

(F) Lung CD451 cells were quantified by flow cytometry. (G) Gating for lung eosinophils and alveolar macrophages by CD11b and Siglec-F. (H–J) Percent

of CD451 and percent of CD45.1 and CD45.2 were quantified for (H) eosinophils, (I) F4801 macrophages, and (J) CD641F4801 macrophages.

Data represent the mean 6 SEM of 7–8/group for BAL samples and 9–10/group for lung samples. *p < 0.05, **p < 0.01 by t test. NSD, no statisti-

cal difference.
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