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SUMMARY:

Obesity is accompanied by inflammation in adipose tissue, impaired glucose tolerance, and
changes in adipose leukocyte populations. These studies of adipose tissue from humans and mice
revealed that increased frequencies of T-bet* B cells in adipose tissue depend on invariant NKT
cells and correlate with weight gain during obesity. Transfer of B cells enriched for T-bet* cells
exacerbates metabolic disorder in obesity, while ablation of 76x21 specifically in B cells reduces
serum IgG2c levels, inflammatory cytokines, and inflammatory macrophages in adipose tissue,
ameliorating metabolic symptoms. Furthermore, transfer of serum or purified IgG from HFD mice
restores metabolic disease in Thet+ B cell deficient mice, confirming Tbet+ B cell-derived 19G
as a key mediator of inflammation during obesity. Together, these findings reveal an important
pathological role for T-bet™ B cells, which should inform future immunotherapy design in type 2
diabetes and other inflammatory conditions.

eTOC blurb

Hégglof et al. dissect the role of T-bet+ B cells in exacerbating metabolic disorder during obesity.
Specifically, T-bet+ B cells accumulate during progressing obesity in mice and humans. B cell-
targeted deletion of 76x21 significantly ameliorates metabolic disorder in obese mice, but it can be
restored by transfer of HFD IgG.
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INTRODUCTION

Obesity causes chronic inflammation in adipose tissue, leading to impaired glucose
tolerance and type 2 diabetes (T2D) (Osborn and Olefsky, 2012; Xu et al., 2003).
Homeostasis is maintained in part by adipose immune cells, which are critical for the
regulation of metabolic disorder (Bapat et al., 2015; Lynch, 2014; Mathis, 2013), including
macrophages and lymphocytes.

To address whether B lymphocytes are beneficial or detrimental to diet-induced obesity
(Nishimura et al., 2013; Winer et al., 2011; Wu et al., 2014), we investigated whether
chronic inflammation during obesity preferentially activates a particular B cell subset.
Chronic inflammation caused by infectious or autoimmune disease expands B cells that
express CD11c and T-bet (Isnardi et al., 2010; Moir et al., 2008; Weiss et al., 2009). Splenic
B cells that express T-bet also accumulate early in autoimmune settings (Manni et al., 2018),
are expanded by the cytokines IFN+y and I1L-21 (Naradikian et al., 2016; Rubtsov et al.,
2011) as well as engagement of TLR7, TLR9, and the B cell receptor (Hao et al., 2011,
Rubtsova et al., 2013). Thet+ B cells identified during aging and obesity are defined by
their lack of CD21 and CD23 (double negative B cells) and have been described as Age
Associated B cells (ABCs) (Cancro, 2020; Frasca et al., 2021).

Another lymphocyte population, invariant Natural Killer T (iNKT) cells, are enriched

in lean adipose tissue but gradually deplete during obesity (Lynch et al., 2009). INKT

cells both negatively and positively regulate B cells depending on the immunological
context (Enoksson et al., 2011; Hagglof et al., 2016; King et al., 2011; Leadbetter et al.,
2008; Vomhof-DeKrey et al., 2015). INKT cells express invariant T cell receptors and
respond rapidly to pathogen-stimulated danger signals, glycolipids in the context of antigen-
presenting CD1 molecules, or both combined (Kohlgruber et al., 2016). INKT cells are
critical regulatory cells capable of producing both proinflammatory and anti-inflammatory
cytokines, and express IL-10 in part to maintain metabolic homeostasis. Many changes to
CD11c* inflammatory myeloid cells, T regulatory- and iNKT cells in adipose tissue during
obesity and T2D have been well characterized (Chawla et al., 2011; Lynch, 2014; Mathis,
2013; Osborn and Olefsky, 2012; Weisberg et al., 2003), but their interactions with adipose
B cells remain undefined.

Herein we describe a role for T-bet* B cells in exacerbating metabolic disorder and

diabetic symptoms during obesity. Adipose tissue T-bet* B cells accumulate in humans with
increasing body mass index and in mice with increasing weight. T-bet™ B cells constitute a
B cell population with a distinct phenotype which can be expanded by iNKT cell activation
during obesity, following TLR7 stimulation, or after glycolipid activation. Conditional
knockout of T-bet in B cells improved glucose tolerance in mice on a high fat diet (HFD)
diet, as compared to littermate controls. Reciprocally, transfer of B cells enriched for T-bet*
CD11c* cells exacerbates metabolic indices and promotes inflammation. The T-bet-B cell
program drives secretion of CXCL10, a known mediator of pancreatic p cell destruction.
Mice lacking Thet in their B cells gain less weight and accumulate fewer macrophages
(especially M1 macrophages) in their adipose tissue, which can be reversed by adoptive
transfer of HFD serum or purified IgG. In short, T-bet* B cells exacerbate the development
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of metabolic disease through a combination of effects including secretion of pathogenic
1gG. These findings provide insight into the pathophysiology of metabolic disorder in mice
and humans during obesity and will inform rational design of future immunotherapies for
obesity, T2D, and other inflammatory disorders.

B cells are activated in adipose tissue from patients that are overweight and obese

The makeup of human adipose tissue B cell subsets has been incompletely described.

To characterize adipose tissue B cells, we isolated human leukocytes from subcutaneous
adipose tissue resected from plastic surgery patients (Table S1). Using flow cytometry, we
compared leukocytes extracted from adipose tissue from patients that are lean (body mass
index [BMI] < 25 kg/m?2), overweight (BMI 25 — 30 kg/m?2), or obese (BMI > 30 kg/m?)
(Figure 1A). We detected no differences in the proportion of B cells but found a significant
decrease in the proportion of iINKT cells in patients that are obese compared to patients that
are lean or overweight, consistent with previous reports (Figure 1A, (Lynch et al., 2012)).
We further identified a significant increase in B cell size (Forward scatter area; FSC-A)
which correlated with increasing BMI (Figure 1B). The increase in cell size and correlation
with BMI was not unique to B cells, as T cells displayed a similar correlation between cell
size and BMI (Figure S1A).

The transcription factor T-bet is a master regulator of Ty1 lineage commitment (Szabo et
al., 2000), but also regulates a subset of B cells which expands in chronic inflammation
(Isnardi et al., 2010; Kenderes et al., 2018; Rubtsova et al., 2017). Given the state of chronic
inflammation in adipose tissue from patients that are overweight and obese as compared

to control patients that are lean (Xu et al., 2003), we investigated expression of T-bet in
adipose tissue B cells. Flow cytometry revealed more intracellular T-bet protein in B cells
from patients that are overweight or obese as compared to control patients that are lean
(Figure 1C). The protein level of T-bet in B cells correlated with BMI (Figure 1C). We next
measured cell surface a integrin glycoprotein CD11c on lymphocytes by flow cytometry
and found significantly increased CD11c on B cells from patients that are overweight, but
not patients that are obese, when compared to controls that are lean (Figure 1D). There

was no correlation between CD11c expression by B cells and BMI (Figure 1D). When
measuring expression of the early activation marker CD69 using flow cytometry, we found
a similar pattern as for CD11c, where B cells from patients that are overweight expressed
significantly higher amounts of CD69 as compared to patients that are lean or obese (Figure
1E). The changes in protein expression of T-bet, CD11c, and CD69 were specific to B cells,
as there was a trend but no significant increases in Thet protein expression for CD3* T

cells from matched donors (Figure S1B-D). T-bet-expressing B cells have previously been
studied in the context of autoimmunity and aging (Hao et al., 2011; Rubtsov et al., 2011).
Therefore, we investigated potential correlations between age and adipose B cell expression
of activation markers. Surprisingly, flow cytometry showed no correlation between age and
activation marker expression by adipose B cells or T cells (Figure S1E-H). Instead, the main
determinant of an activated phenotype by adipose tissue lymphocytes was BMI. Thus, BMI
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correlates with B cell activation and increased T-bet expression by human adipose tissue B
cells.

Obesity-induced T-bet* B cell accumulation is conserved in mouse and human adipose

tissue

We next investigated whether the correlation between BMI and T-bet expression in total
human adipose tissue B cells could be accounted for by the expansion of a subset of T-bet*
of B cells. Flow cytometry revealed an increase in Thet expression by B cells (Figure 1F),

as well as a significantly higher proportion of T-bet* B cells in subcutaneous adipose tissue
from overweight and obese patients as compared to lean patients (Figure 1G). There was no
correlation between the proportion of T-bet* B cells in adipose tissue and patient age (Figure
1H). However, there was a significant correlation between BMI and frequency of T-bet™ B
cells in human adipose tissue (Figure 1I), identifying BMI, but not age, as the key factor
influencing the accumulation of T-bet* B cells in human adipose tissue during obesity.

Next, we used flow cytometry to phenotype T-bet™ B cells and T-bet™ B cells from the

same patients. We found that T-bet* B cells from patients that are overweight and obese
expressed significantly higher surface levels of CD11c as compared to T-bet™ B cells from
the same patient, and there was a similar trend in lean patients (Figure 1J). Thus, Tbet+ B
cells are CD11c+ even in lean mice. T-bet* B cells from patients that are overweight and
obese showed increased cell size (FSC-A) as well as increased expression of the leukocyte
activation markers CD69 and Nur77 as compared to T-bet™ B cells from within the same
patients. There were no comparable changes in protein expression in patients that are lean
(Figure S2). We next noted there were no differences in the surface expression of glycolipid
antigen presenting molecule CD1c comparing T-bet* and T-bet™ B lymphocytes in any
patient subgroup (Figure S2). However, in patients that are obese, T-bet* B cells expressed
significantly less CD1d protein than T-bet™ B cells from the same donors (Figure 1K).
Patients that are overweight exhibited a similar trend in CD1d downregulation by T-bet™ B
cells compared to T-bet™ B cells from the same donor. T-bet* B cells have been reported to
express lower levels of CD27 than memory B cells (Wang et al., 2018). T-bet* B cells in

our study expressed modestly lower surface amounts of CD27 as compared to T-bet™ B cells
from the same patient, although not statistically significant (Figure S2). Thus, T-bet* B cells
from patients that are overweight and obese display features of activated B cells, including
upregulation of CD11c, CD69, and Nur77.

Since T-bet* B cells accumulate in adipose tissue from patients that are overweight and
obese, we next utilized an /7 vivo mouse model to dissect the function of T-bet* B

cells and mechanisms governing their accumulation. To this end, C57BL/6 wild-type

mice were fed a high fat diet (HFD) for at least 8 weeks to induce obesity, metabolic
disorder, and accompanying symptoms of T2D (Winzell and Ahren, 2004). Mice on a HFD
consistently gained significantly more body weight than control mice on a normal chow diet
(NCD) (Figure 2A). As expected, epididymal white adipose tissue (WAT) weight increased
significantly in mice fed a HFD as compared to NCD controls (Figure 2A). HFD-fed mice
also displayed increased concentrations of resting serum glucose and impaired glucose
tolerance as measured by the glucose tolerance test (GTT), compared to NCD-fed mice
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(Figure 2B). Flow cytometry revealed that obese HFD-fed mice mirrored humans that are
overweight and obese in that they had no differences in the frequencies of total B cells in
WAT or spleen compared to lean controls (Figure 2C). There were also no differences in
numbers of total B cells in NCD vs HFD WAT, but very modest increases in total B cells in
spleens from HFD fed mice compared to NCD mice (Figure 2C). However, just like patients
that are overweight and obese, obese HFD fed mice have a significantly higher frequency
and number of T-bet™ CD11c* B cells in adipose tissue than lean mice fed a NCD (Figure
2D). T-bet* CD11c™ B cells also accumulated in the spleens of obese HFD fed mice as
compared to lean NCD mice (Figure 2E). Similar to humans, frequencies of T-bet™ CD11c*
B cells in adipose tissue and spleen correlated significantly with total body mass (Figure
2D-E).

We next used flow cytometry to compare phenotypes of T-bet™ CD11c* B cells to T-bet™
CD11c™ B cells from the same mouse. HFD-expanded mouse T-bet* CD11c* B cells
displayed a similar phenotypic profile as T-bet™ B cells from patients that are obese or
overweight. T-bet* CD11c™ B cells were larger and expressed higher protein amounts of
CD69 and intracellular Nur77, compared to T-bet™ CD11c™ B cells (Figure 2F-H). T-bet*
CD11c" B cells also expressed lower protein amounts of the complement receptor CD21,
and the low-affinity IgE receptor CD23, compared to T-bet™ CD11c™ B cells from the same
mouse (Figure 21-J). Flow cytometry revealed no significant differences in other splenic B
cell subset frequencies in obese HFD-fed mice as compared to lean NCD-fed mice (Figure
S3A-B). Similar to humans with obesity, T-bet* CD11c* B cells from obese HFD-fed mice
expressed significantly lower levels of CD1d as compared to T-bet™ CD11c™ B cells from
the same mouse, while there were no significant differences in CD1d expression between
these two B cell populations in lean NCD-fed mice (Figure 2K). Thus, activated T-bet*
CD11c* B cells are implicated in the modulation of metabolic disorders across species.

INKT cells support expansion of T-bet* CD11c* B cells during obesity

We found lower amounts of CD1d on the surface of T-bet* B cells compared to T-bet™

B cells in both mouse and human adipose tissue in obesity. We next investigated whether
CDA1d-restricted iNKT cells affected the accumulation T-bet" CD11c* B cells in HFD-fed
mice by performing an unsupervised dimensionality reduction analysis of flow cytometry
data using the t-distributed stochastic neighboring embedding (tSNE) algorithm (van der
Maaten and Hinton, 2008). Data were acquired using wild-type and iNKT cell-deficient
Cd1d17"~ splenocytes from lean NCD or obese HFD mice labeled with lineage markers for
B cells, T cells, and iINKT cells as well as Thet and CD11c. The tSNE algorithm identified

a distinct subset of CD19* B220* B cells (Figure 3A, “B cell cluster 2”, see also Figure

S4) which segregated from the major cluster of CD19* B220* cells (Figure 3A, “B cell
cluster 1”). B cell cluster 2 expressed higher protein amounts of T-bet and CD11c than B cell
cluster 1 (Figure 3A). Interestingly, we found that our previously observed increase in T-bet*
CD11c" B cell frequency in adipose tissue from wild-type HFD-fed obese mice compared

to lean NCD-fed mice was missing in CdZdZ~~ HFD-fed mice (Figure 3B). Furthermore,
there was a similar lack of expansion of T-bet* CD11c™ B cell frequency in spleen from
obese Cd1d1~/~ HFD-fed mice, compared to obese wild-type HFD-fed mice (Figure 3C).
Thus, even though adipose iINKT cell numbers dwindle with increasing obesity, their limited
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presence is required to expand T-bet* B cells in obesity. Because of this dichotomy, we
next examined the nature of the INKT cells remaining in adipose tissue of WT HFD mice.
Interestingly, the obese adipose INKT cells were skewed towards the more inflammatory
IFNy-producing NK1.1P% iNKT subset (Figure 3H), rather than the more regulatory IL-10
producing NK1.1"®9 iNKT subset (LaMarche et al., 2020).

T-bet* CD11c* B cells play a role in the context of viral infection and autoimmune
disorders, where they produce immunoglobulin (1g) G2c during disease progression or
infection (Barnett et al., 2016; Peng et al., 2002; Rubtsova et al., 2017; Rubtsova et al.,
2013). Therefore, we measured serum Ig titers by ELISA from wild-type and iNKT cell-
deficient CdZd17/~ mice fed the NCD or the HFD. We found that obese HFD-fed wild-type
mice had higher titers of IgG2c and IgM than lean NCD-fed wild-type controls, while there
were no differences in 1IgG1 (Figure 3D-F). A similar increase was not detectable in 1IgG2c
or IgM in Cd1d17'~ obese HFD-fed mice, when compared to controls (Figure 3D—F). There
was also a significant correlation between the proportion of T-bet* CD11c* B cells in the
spleen and serum concentrations of IgM and 1gG2c when wild-type and CdZd1™/~ serum
samples were pooled for statistical analysis (Figure 3D-F). Our findings indicate that T-bet*
CD11c* B cell expansion as well as 1gG2c¢ and IgM production in obesity is supported by
iNKT cells, an inflammatory subset capable of producing IFNy.

Innate signaling drives T-bet* CD11c* B cell expansion and is iNKT cell-dependent

We next considered whether other means of inducing T-bet* CD11c* B cell expansion also
require INKT cells. Stimulation through TLR7 potently upregulates T-bet in B cells /n vitro
(Naradikian et al., 2016; Rubtsova et al., 2013). To assess the effect of TLR7 activation

on B cells /n vivo, we injected wild-type mice intraperitoneally (i.p.) with 50 pg of the
TLR7 agonist R848 on day 0 and day 2 and harvested spleens on day 4. Flow cytometry
revealed that B cells from mice injected with R848 increased in size (FSC-A), upregulated
T-bet, CD69, and CD86 protein levels, while CD21, CD23, and CD1d protein levels were
downregulated, as compared to naive control mice (Figure 4A). To confirm the specific
ability of TLR7 engagement to drive T-bet* B cell expansion, we next injected mice with
R848 and used flow cytometry to reveal a significant increase in the proportion of B cells
that were expressing CD11c or both Thet and CD11c as well as CD138* plasmablasts, when
compared to naive control mice (Figure 4B-G). Concomitant with the increase in CD11c+/
T-bet" CD11c* B cells was a significant decrease in transitional type 2 (T2) and transitional
type 2 — marginal zone precursor (T2-MZP) B cells, suggesting a possible developmental
transition from T2 or T2-MZP into the T-bet* CD11c* B cell population. There were no
generalized differences in the proportions of transitional type 1 (T1), marginal zone B
(MZB), follicular B (FOB), germinal center B (GC B) cells, or CD21~ CD23" B cells
between R848-treated and untreated mice (Figure 4H). These results demonstrate TLR7
engagement can drive expansion of T-bet* CD11c™ B cells, possibly seeded from precursor
subsets in the spleen.

To investigate if TLR7-driven expansion of T-bet-expressing B cells was also supported by
iNKT cells, used flow cytometry to reveal a significant expansion of T-bet* CD11c* B cell
frequency in wild-type mice injected with R848, while iNKT cell-deficient CaZd1™/~ mice
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showed a modest but not statistically significant accumulation of T-bet* CD11c* B cells in
response to R848 (Figure 41). Because T-bet™ CD11c* B cell expansion can depend in part
on IFN-y, and TLRY7 signaling induces iNKT cells to produce IFNy (Van et al., 2011), we
assessed whether iINKT cells were a potential source of IFN-y in this system. Specifically,
we used flow cytometry to assess eYFP+ expression in IFN-y—reporter mice (Reinhardt

et al., 2009) and found a significant increase in IFNy-expressing iNKT cells in injected
with R848 as compared to naive animals, while conventional T cells displayed no parallel
increase in IFN-y (Figure 4J).

Because glycolipid activation of iNKT cells induces IFNvy production, we next tested
whether direct activation of iNKT cells could expand T-bet* CD11c* B cells. To this

end, we injected wild-type and iNKT cell-deficient Ja 28~ mice i.p. with 0.5 pg of the
iNKT cell-specific ligand alpha-galactosylceramide (a—GalCer) and measured expansion
of splenic T-bet* CD11c™ B cells 4 days later. As expected, flow cytometry revealed

a significant accumulation of T-bet" CD11c* B cells in wild-type mice injected with a—
GalCer compared to naive controls. However, we did not detect a significant accumulation
of T-bett CD11c* B cells in iNKT cell-deficient Ja 287~ mice (Figure 4K). Thus, INKT
cell-specific activation by glycolipids, well documented to stimulate IFN-y secretion by
iNKT cells, supports expansion of T-bet* CD11c* B cells.

T-bet* B cells secrete CXCL10 and exacerbate metabolic disorder in obesity

Previous transcriptomic data identified increased amounts of Cxc/Z0 mRNA in T-bet-
expressing CD11b* B cells as compared to follicular B cells (Rubtsov et al., 2011) and
found that IFN-y induced Cxc/Z0transcripts in cultured follicular B cells (Naradikian et al.,
2016). To test if T-bet-expressing B cells secrete CXCL10 protein, we stimulated isolated

B cells /in vitrowith 2.5 pg/ml R848 or medium alone for 2 days. Flow cytometry revealed
that isolated B cells cultured with R848 /n vitro adopted a phenotype similar to B cells
stimulated with R848 /n vivo: increased cell size (FSC-A), T-bet, CD69, and CD86 protein
expression, as well as lower CD21 and CD1d protein expression, compared to medium alone
(Figure 5A). ELISA revealed that /n vitro culture with R848 increased B cell secretion of
the chemokine CXCL10, when compared to medium alone (Figure 5B). To determine if
CXCL10 is also produced /in vivoin response to R848, we injected wild-type mice with
R848 and measured serum concentration of CXCL10 by ELISA. Consistent with our /n
vitro results, we saw a significant increase in serum CXCL10 in mice injected with R848 as
compared to naive controls (Figure 5C).

CXCL10 and other B cell factors have been previously described to exacerbate T2D and
metabolic disease (Schulthess et al., 2009), so we next assessed whether activated B cells
enriched for T-bet* CD11c* cells played a role in the development of metabolic disorder
during obesity. Concomitant TLR7, BCR, and IFN~y-receptor stimulation is an effective way
to upregulate T-bet in B cells (Rubtsova et al., 2013). Therefore, we injected B1-8" mice
transgenic for expression of a BCR specific for the hapten 4-hydroxy-3-nitrophenylacetyl
(NP) (Shih et al., 2002) with NP conjugated to the carrier protein Keyhole limpet
hemocyanin (KLH) plus R848 on day 0, and boosted with R848 on day 3 (Figure S5A).

As expected, this regimen generated a pronounced accumulation of T-bet* CD11c* B cells
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in the spleen on day 4, compared to naive mice (Figure S5B), when B cells were isolated
for transfer to lean or obese recipients. Following adoptive transfer of 107 B cells, mice
were continued on their indicated diet for 4 more days, whereupon glucose tolerance was
assessed (Figure S5C-D). GTT measurements detected no significant difference for lean
NCD-fed mice that received B cells enriched for T-bet* CD11c* B cells using NP-KLH/
R848 compared to mice receiving naive B cells or no cell transfer (Figure 5D and Figure
S5C). Strikingly, transfer of T-bet* CD11c™ enriched B cells into obese mice fed a HFD
significantly impaired glucose tolerance when compared to comparable mice receiving no
cell transfer (Figure 5E and Figure S5D). Interestingly, transfer of B cells isolated from
naive mice into obese HFD-fed mice induced a similar exacerbation of glucose intolerance
as compared to HFD-fed mice receiving R848-expanded B cells, suggesting the handling
and transfer of B cells from naive animals may activate existing low levels of Thet+ B

cells enough to exacerbate glucose intolerance even without R848 expansion (Figure S5D).
Donor cells from both groups survived the transfer and were detected by congenic marker in
recipient mice at frequencies consistent with the number of cells transferred (Figure S5E-F).

Ablation of Tbx21 in B cells limits CXCL10 expression and metabolic disorder in obesity

Next, to directly investigate the role of T-bet-expressing B cells in the development of
metabolic disorder during obesity, we abrogated T-bet (encoded by 76x21) expression
specifically in B cells by crossing 7ox21f10%/flox mice (Intlekofer et al., 2008) with animals
expressing Cre recombinase under the control of the promoter of CdZ9 (Rickert et al.,
1997). To confirm that these mice lacked T-bet expression specifically in B cells, we
harvested splenocytes from homozygous Thet-deficient mice ( 7ox21flox/flox ¢z gCre/Cre),
Tbet-heterozygous mice ( 7hx21f0x/flox coi7Crel+y or T-pet intact ( 7THx2IWUWE CglzgCrel+)
littermate control mice and confirmed absence of intracellular expression of T-bet protein in
B cells, but not T cells, of genetically deficient mice using flow cytometry (Figure S5G).
We further confirmed an absence of Thet specifically in the B cell subset by detecting
Tbx21 genomic DNA using gPCR on DNA isolated from tail tissue, negatively-selected

B cells, or non-B cells from spleen in homozygous Thet-deficient mice ( 7xx21flox/flox
Cd15C¢/Cre) Thet-heterozygous mice ( 7Thx21f10X/flox cgi7gCrel+y or T-bet intact ( 7Hx21WUWt
Cd19C™*) littermate control mice (Figure S5H). Furthermore, we also used flow cytometry
to examine T-bet expression following activation of splenic B cells. In intact 7Ax27W/Wt
Cd19°"e!* littermate control mice injected with R848, B cells upregulated T-bet as compared
to naive controls (Figure S51), similar to what we found previously (Figure 4A). On the
contrary, R848 immunization did not induce T-bet expression in T-bet deficient B cells from
Tox21Mox/flox o7 gL+ mice (Figure S5E). We used flow cytometry to confirm that the
targeted deletion of 76x21 was specific for B cells, documenting T-bet upregulation in iINKT
cells from both 7ox21flox/flox cg7gCrel* mice and THox21WUWt 79Tl littermate control
mice activated with R848(Figure S5F). Thus, 7ax21flox/flox oz dCrel+ mice fail to express
T-bet specifically in B cells, while 76x21* Cd19°"e/* littermate control mice express T-bet
normally.

In vitro stimulation of B cells via TLR7 induces T-bet and secretion of CXCL10, so we
next measured expression of CXCL10 in B cells lacking T-bet. At steady state in lean
mice, T-bet" CD11c* B cells expressed significantly higher amounts of CXCL10 protein
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than conventional B cells from the same mouse (Figure 6A). Since the majority of murine
CD11c* B cells express T-bet (Figure 2E), we used CD11c expression as a surrogate for
T-bet to evaluate CXCL10 expression in this subset of B cells following the targeted deletion
of T-bet. Using flow cytometry we found that intact 7ox2WYWt Ci19°Te/* mice on the HFD
displayed a significant increase in the frequency of CXCL10* CD11c* B cells in spleen
compared to their littermates fed the NCD (Figure 6B). Importantly, deficient 7ax21flox/flox
Cd19°"e"* mice fed the HFD completely failed to accumulate splenic CXCL10* CD11c* B
cells compared to littermate control mice (Figure 6B).

Finally, we evaluated whether T-bet B cell deficiency affects clinical symptoms of metabolic
disease. Strikingly, obese 7ux21M10X/flox g7 Crel+ mice lacking T-bet™ CXCL10* B cells
and fed a HFD showed significantly improved glucose tolerance when compared to obese
HFD-fed Thx21VUWt Col7gCme/* littermate control mice (Figure 6C). Notably, lacking T-bet*
B cells even modestly reduced GTT in lean mice (Figure 6D).

The data in this study has been collected from exclusively female patients and
predominantly female mice. Accumulation of T-bet* CD11c* B cells in the spleen during
obesity was more pronounced in female mice than male mice and, correspondingly,
improvement of glucose tolerance (GTT) in mice with 76x21 conditionally knocked out
in B cells was only detected in female mice (Figure 5). In contrast, male mice had a more
modest increase in splenic T-bet* CD11c* B cell frequency during obesity, and showed no
improvement in glucose tolerance upon conditional knockout of 76x27 in B cells during
obesity (Figure S5K).

To understand the mechanism utilized by Thet+ B cells to exacerbate disease, we further
characterized the immunometabolic landscape of the 7hx21M10X/flox Cei7gCrel* mice. We first
noted that 74x21f10x/flox o7 gL+ mice placed on a high fat diet gained less weight than
their WT counterparts (Figure 6E). The reduced weight gain in 7ax21flox/flox oz gCrel+
mice was evident in both total body weight and visceral WAT (Figure 6F). The weight
differential between these mice was not a consequence of reduced lipid storage by Thet+

B cell deficient mice. Instead, we found a modest increase in lipid storage in both liver

and adipose tissue. Increased lipid staining was detected in 7ax21f10X/flox oz Crel+ mice
as compared to intact WT mice using Oil Red O staining of liver tissue from both lean

and obese animals (Figure S6 A-B). Similarly, adipocyte diameter was modestly increased
in 7hx21floxiflox cgzCrel+ mice compared to WT mice when placed on a HFD (Figure S6C-
D). To examine the role of Thet+ B cell derived CXCL10 in these weight or lipid storage
differences, we created mixed BM chimeras with CXCL10 sufficient, or CXCL10 deficient,
Thet+ B cells. To isolate the CXCL10 deficiency to Thet+ B cells, we reconstituted lethally
irradiated 7Hx21f10X/flox cq7gCrel* mice with a combination of 7ux21f1oX/flox oy gCrel+ v
plus CXCL10-/- or CXCL10+/+ BM (Figure S7A). Following 9 weeks of reconstitution
and 8 weeks of HFD feeding, both groups of mice were found to have similar metabolic
responses to a GTT (Figure S7B). Instead, mice lacking CXCL10 in their Tbet+ B cells had
a lower food intake than CXCL10 intact controls in the early weeks of their HFD feeding
and gained less weight over the course of the testing (Figure S7C-E) suggesting CXCL10
secretion by Thet+ B cells stimulates early weight gain during obesity rather than later
inflammatory changes.
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Thet+ B cells instigate additional changes in adipose leukocyte populations during obesity.
Flow cytometry confirmed increases in total CD45+ leukocyte WAT populations following
HFD feeding in intact mice, but not in mice lacking Thet+ B cells (Figure 6G). Dissecting
the WAT populations more specifically revealed increases in adipose tissue macrophages
during HFD feeding for intact littermate control mice, but not deficient 7xx21flox/flox
Cd19°"e"* mice (Figure 6H). During HFD in intact littermate controls, more than 50% of
the adipose macrophages were M1 inflammatory macrophages, which was similar for the
Thx21Moxiflox: o7 Crel* mice, suggesting that while macrophage frequency was reduced,
macrophages that did enter the adipose assumed the expected inflammatory phenotype
(Figure 61).

ELISA revealed that both lean and obese 7hx21floX/flox cg7gCrel* mice developed normal
levels of total IgM and IgG [Figure 7A,B]. Thet+ B cells typically produce 1gG2c
immunoglobulin in mice, so as expected, both lean and obese Tbet+ B cell deficient mice
developed normal levels of total serum IgG1, but had reduced levels of IgG2c [Figure

7C, D]. Given previous evidence that Thet+ B cell derived 1gG2c can be pathogenic
during disease (Rubtsova et al., 2017), we next considered the potential of Tbet-derived
IgG2c to contribute to metabolic disease. Transfer of serum from obese WT mice to
Thx21M10oXflox: co7CTel* mice increased glucose tolerance and moderately elevated resting
glucose levels [Figure 7E, F]. The effect of the HFD serum could be attributed to the
immunoglobulin, because transfer of 1gG isolated from HFD serum significantly increased
glucose tolerance of 7hx21flox/flox cq1gCrel+ mice [Figure 7E, F]. WAT macrophages

are reduced in 7ox21M10X/flox cg7Ce+ mice compared to littermate controls, but the
frequency and number of F480+CD11b+ macrophages can be restored by adoptive transfer
of serum IgG from HFD mice [Figure 7H]. In summary, T-bet+ B cells produce 1gG2c
which exacerbates metabolic disorder during obesity, in part by recruiting adipose tissue
macrophages. Together, these data examine the pathologic role of a key subset of B cells
in obesity and identify a novel target for future immunotherapeutics aimed at reversing the
development of metabolic disorder in obesity and T2D.

DISCUSSION

T-bet is a transcription factor well-known to affect B cell functions (Szabo et al., 2000).
T-bet* B cells and their antibodies have been described in aging and autoimmune disorders
(Hao et al., 2011; Isnardi et al., 2010; Rubtsov et al., 2011; Rubtsova et al., 2017; Wang et
al., 2018), but detailed characterization of directly pathogenic roles of these cells remains
elusive. Here we discovered that T-bet*™ B cells drive inflammation and exacerbate metabolic
disorder during obesity. T-bet™ B cells accumulate in adipose tissue from humans and

mice with obesity, and the frequencies of T-bet* B cells correlate with increasing BMI

or body weight, respectively. However, there was no correlation between accumulation of
T-bet* B cells and age. These findings suggest that B cell-stimulatory cues provided by the
inflammatory adipose milieu during obesity may dominate those presented by aging.

Adipose tissue B cells from subjects that are overweight upregulate CD11c and CD69
compared to lean controls, while B cells from subjects that are obese no longer upregulated
these activation markers. We hypothesize that progressing obesity-associated inflammation
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initially activates adipose tissue B cells but leads to subsequent cellular exhaustion due to
chronic inflammation in patients with obesity, reminiscent of observations from patients that
are chronically infected or suffer from autoimmunity (Ehrhardt et al., 2005; Isnardi et al.,
2010; Moir et al., 2008).

T-bet* B cells isolated from subjects that are overweight or obese exhibit a distinct
phenotype compared to T-bet™ B cells from the same donors, with many traits shared
between human and mouse. Strikingly, T-bet™ B cells in humans with obesity or mice on
the HFD express lower amounts of the glycolipid-presenting molecule CD1d compared

to T-bet™ B cells from matched subjects. TLR7 stimulation induced a B cell phenotype
with increased expression of T-bet, CD69, and CD86, but downregulation of CD21 and
CD1d. Interestingly, expansion of T-bet* CD11c* B cells via TLR7 ligation, injection of
a—GalCer, or during obesity were all iINKT cell-dependent. Ostensibly, the mechanism
through which iNKT cells support T-bet™ CD11c* B cells works in a cytokine-mediated non-
cognate fashion, as the B cell T-bet program is associated with a downregulation of CD1d.
Interestingly, TLR7 deficient mice are protected from metabolic abnormalities including
weight gain, insulin resistance, and liver inflammation (Hanna Kazazian et al., 2019),
suggesting that engagement through TLR7 may expand an inflammatory cell population
which contributes to metabolic disease, which is consistent with our identification of an
expanded population of Thet+ B cells as contributors to metabolic disease.

Earlier /n vitro studies established that TLR, cytokine, and BCR signals synergize to induce
T-bet expression by B cells (Cancro, 2020; Naradikian et al., 2016; Rubtsova et al., 2013).
We find that T-bet™ CD11c* B cells are further supported by iNKT cells during the diet-
induced inflammation of obesity, likely due to iNKT cell production of IL-21 and IFNy
(Grela et al., 2011). However, complementary signals may also contribute to the induction

of T-bet in B cells during obesity. For example, saturated fatty acids (FA) stimulate TLR
signaling and polyunsaturated FA inhibit TLR signaling (Lee et al., 2004). Obese individuals
have higher concentrations of circulating saturated FA than lean individuals (Guerendiain

et al., 2018), potentially driving their increased B cell-expression of T-bet. Alternatively, B
cells could engage obesity-associated inflammatory cell debris through cognate recognition
via their BCR. We found T-bet* CD11c* B cells to express more Nur77 protein compared

to conventional B cells. As Nur77 expression directly correlates with BCR signaling strength
(Ashouri and Weiss, 2017), this suggests increased exposure to cognate B cell antigen

in adipose tissue and subsequent BCR-mediated induction of T-bet. Thus, qualitative and
quantitative changes in lipid composition or cell destruction associated with obesity could
provide TLR and BCR signals to induce T-bet* B cells with the aid of IFN+y or other
cytokines from iNKT cells.

Interestingly, we also found increased serum amounts of IgM and 1gG2c in obese wild-type
mice compared to lean controls, which correlated with the T-bet* CD11c™ B cell frequency,
consistent with observations linking 1gG2c production to T-bet-expressing B cells (Peng

et al., 2002). Immunoglobulins can contribute to both pathologic and protective aspects of
metabolic disease (Harmon et al., 2016; Shen et al., 2015; Winer et al., 2011). Our data is
consistent with a detrimental role for T-bet™ CD11c* B cells, and their antibody products,
in obesity. Our demonstration that T-bet* B cells accumulate during obesity corroborates
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earlier findings by Winer et al and Frasca et al and provides an explanation for previously
observed increases specifically in IgG2c in VAT lysates extracted from mice on a HFD
(Winer et al., 2011).

T-bet-expressing B cells activated via TLR7 secrete the proinflammatory chemokine
CXCL10, consistent with earlier transcriptomic data and human studies (Agrawal and
Gupta, 2011; Naradikian et al., 2016; Rubtsov et al., 2011). Interestingly, transfer of
enriched T-bet™ CD11c* B cells to obese HFD-fed mice significantly exacerbated glucose
intolerance. Conversely, B cell-specific ablation of 7hx21 reduced weight gain and
significantly ameliorated metabolic disorder in HFD-fed obese mice, as compared to
wild-type littermate control mice on the HFD. Using CXCL10 as a surrogate for Tbet+
expression, flow cytometry confirmed that Thx21flox/flox cgz7gCrel+ mice fed a HFD showed
a complete lack of accumulation of CXCL10* CD11c* B cells in spleen compared to
HFD-fed 7Hx21"UWt Cq19CTe/* littermate control mice. Restricting CXCL10 deficiency to
Thet+ B cells revealed an important role for CXCL10 in early weight gain during high fat
diet feeding. Multiple additional roles for CXCL10 have previously been demonstrated in
metabolic disease. For example, injection of CXCL10 can exacerbate glucose intolerance
through impairment of § cell function and viability (Schulthess et al., 2009) and CXCL10
can cause macrophages to switch from an alternatively activated M2 phenotype to a more
inflammatory M1 phenotype (Tomita et al., 2016). Thus, Thet+ B cell-derived CXCL10
may uniquely contribute to weight gain, but could affect pancreatic B cells and macrophages
through a mechanism redundant with other sources of CXCL10.

We further characterized a specific role for Thet+ B cell-derived IgG2c to exacerbate
metabolic disease in vivo during obesity. While removal of Tbet+ B cells reduces metabolic
disease in obese mice, glucose intolerance can be restored by transfer of HFD serum or
purified IgG from serum of obese mice. This reductionist approach reveals pathologic
immunoglobulin to be the primary mechanism of Thet+ B cell inflammation during obesity.
Previous studies have characterized autoreactive 1gG in serum from obese or T2D humans
(Winer et al, 2011), but this is the first specific demonstration of the metabolic consequences
of these pathogenic antibodies during obesity. In summary, the present study raises the
prospect of targeting T-bet™ B cells in future therapeutic approaches to limit metabolic
disorder and reverse symptoms of T2D, and potentially other inflammatory disorders.

LIMITATIONS OF STUDY

These studies identify a key contribution of Thet+ B cell-derived 1gG to inflammation
during obesity. While antibodies produced by Thet+ B cells in other contexts have been
characterized as autoimmune, and this is also a likely scenario during obesity, this study
does not determine the specificity of IgG2c Abs. The nature of epitopes targeted by adipose
Thet+ B cells remain a very compelling question with broad implications for obesity, T2D,
and all sterile inflammatory conditions.

The potential for Thet+ B cells to recognize local adipose-derived antigens also raises the
question of the source and location of T cell help for Thet+ B cells. Thet+ B cells likely
receive an activating signal through TLR 7 or TLR 9, but still require a second helper signal
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from T cells to survive and produce their antibodies (Cancro, 2020). It is likely Thet+ B
cells receive supporting cytokines or co-stimulation from helper iINKTgy, Tpy and/or Tpy
cells, but this remains to be shown. While recent studies suggest TLR7-driven autoimmunity
by similar human DN2 or Age Associated B cells (ABCs) is GC-independent (Brown et
al., 2022), it remains to be determined if classs-witched adipose 1gG2c-producing Thet+ B
cells receive their T cell help via a GC or extra-follicular interactions. Non-resident adipose
ABCs were previously shown to be expanded in fat associated lymphoid clusters during
aging as a consequence of IL-1 signaling through the NLRP3 inflammasome (Camell et al.,
2019), suggesting another possible mechanism for Tbet+ B cell expansion during obesity.
These studies also did not localize Thet+ B cells within the spleen or adipose tissue nor
determine whether they are activated and helped in separate locations.

Obesity is often described as inducing a form of accelerated aging (Fulop et al., 2021). This
study does not comprehensively distinguish between the two, beyond determining that Thet+
B cell increases in adipose tissue correlated with weight/BMI but not age in this cohort of
patients. Indeed, this finding may reflect the advanced nature of disease in the patients and
mice with obesity in these studies.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents will be
fulfilled by the Lead Contact, Elizabeth A. Leadbetter (leadbetter@uthscsa.edu).

Materials availability—Material and resources essential to reproduce results presented in
the manuscript are detailed in the Key Resources Table. Unique mice bred for this study will
be made available by the Lead Contact.

Data and Code Availability

. All data reported in this paper can be found in the associated file, “Data S1-
Source Data”, or will be shared by the lead contact upon request.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Human Subjects—Resected dermal tissue with attached subcutaneous adipose tissue was
obtained from lean, overweight, and obese female subjects who underwent plastic surgery at
the San Antonio Plastic Surgery Institute at the Christus Santa Rosa Hospital, San Antonio,
USA. 17 obese patients (mean age 42, range 40-50; mean BMI 32), 22 overweight (mean
age 42, range 40-50; mean BMI 32), and 10 lean (mean age 42, range 40-50; mean

BMI 32) patients following a range of different elective plastic surgery procedures but
predominantly abdominoplasty. All patient samples were obtained under an IRB exception
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approved by the UT Health ethics committee. Further information about the cohort and
subject characteristics is detailed in Table S1 of the manuscript.

Mice—C57BL/6J wild-type mice (#000664), B6.129P2(C)- Ca19m1(cre)Canyj (#006785),
and congenic B6.129S4-CXCL10tM1Adl3 (#006087)(Dufour et al., 2002) were obtained
from The Jackson Laboratory. B6.129- 7hx21tM25™M1/] mice (Jax#022741) were obtained
from N. Zhang (UT Health). Cd19°¢* and Thx21M10¥/flox mice were intercrossed to

generate 7hx21M0xflox cgpglrel+ and Thxzfflox/flox cpzLrelCre mice, iNKT cell-deficient
B6.129S6-Del(3Cd1d2-Cd1d1)1Sbp/J mice (Sonoda et al., 1999) (#008881) were obtained
from M. Exley (University of Manchester, UK) while B6.Ja18—/— mice (Cui et al.,

1997) were obtained from M. Brenner (Brigham and Women’s Hospital/Harvard Medical
School). B6.129P2(C)- /g/#™2Can/J (#012642) B6.SJL B1-8Ni mice heterozygous for targeted
insertion of a high affinity mutated variable 186.2 immunoglobulin heavy chain bearing
specificity for the hapten NP(Shih et al., 2002) were provided by M. Nussenzweig
(Rockefeller University), C57BL/6 Valphal4-transgenic mice with an increased frequency of
iNKT cells (Bendelac et al., 1996) were provided by M. Brenner (Brigham and Women’s
Hospital/Harvard School of Medicine). C.129S4(B6)- /fng™m3-1LkV]3 (GREAT) IFN gamma
reporter mice (JAX #017580) were provided by M. Mohrs (Trudeau Institute). All mice were
housed and bred under specific pathogen-free conditions at the animal facility of UT Health
(UTHSCSA).

Age- and sex-matched female or male mice 6-24 weeks of age were used in all experiments.
All mice were maintained in individually ventilated cages. Up to five mice per cage were
housed in individually ventilated cages in a 12 hour light/dark cycle, with room temperature
at 22 C (19 C-23 C change). They were fed with autoclaved standard pellet chow or high-fat
chow (Research Diets) and water ad /ibitum. Experimental mice and littermate controls for
obesity studies were initiated on the high fat chow (HFD) between 6-8 weeks of age and
maintained on the diet for 8-15 weeks. Bedding was exchanged between all cages 1 week
prior to initiation of HFD. Mice were weighed bi-weekly and their health monitored closely.
2 to 5 mice were used per experimental group, including age and sex matched cage mate or
littermate controls. All mice were randomly assigned to experimental treatment groups. All
experiments were performed under UT Health Animal Care and Use Committee- approved
protocols.

METHOD DETAILS

Murine Tissues—Peri-epididymal white adipose tissue was dissected and minced with
fine scissors. Minced adipose tissue was digested with collagenase (Sigma-Aldrich, 0.1

mg per ml) in RPMI for 30 min at 37°C on a belly dancer shaker. Following digestion,
supernatants were filtered through 100 um cell strainers and pelleted by centrifugation. Cell
yields and viability were measured by trypan blue and a hemocytometer. Spleens were
dissected and forced through a 100 um metal strainer to generate a single cell suspension
before red blood cells were lysed using ACK buffer.

PCR—DNA was isolated from tail snips, B lymphocytes negatively selected, or non-B cells
retained on the column from EasySep™ Mouse B cell isolation kit (Cat# 19854, Stemcell
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Technologies) using proteinase K-containing lysis buffer. Supernatant containing genomic
DNA (gDNA) was precipitated using alcohol, and then gDNA was resuspended in TE
buffer. gDNA from C57BL/6 wild-type, splenic B cells and splenic non-B cells were used
as a template to amplify the 76x21 (Tbet) gene. PCR master mix consisted of dNTPs,

PCR buffer, MgCl,, Taq Polymerase (Thermo Fisher, Catalog# 10-966-026) with the
following primers: Forward primer: 5’-AACTGTGTTCCCGAGGTGTC-3’. Reverse primer:
5’-GGAGCCCACAAGCCATTACA-3’. After 35cycles of amplification, the expected
product length is 2875 bp.

Human Tissues—Following procurement of resected skin along with attached
subcutaneous fat, adipose tissue was removed and minced using scissors. DPBS (Hyclone)
with collagenase IV (Sigma) corresponding to half the volume of minced tissue was
added to the tissue to yield a final concentration of 200 mg/ml collagenase for the

tissue suspension. Minced adipose tissue was incubated at 37°C for 1h on a BellyDancer
shaker. Following digestion, tissue supernatant was transferred to 50 ml conical tubes and
centrifuged at 2400 rpm at room temperature. Pellets containing cells were extracted and
washed twice followed by red blood cell lysis at room temperature in 15 ml ACK for 10
min. The cells were then washed twice and filtered through a 40 um nylon mesh, followed
by cell counting and processing for flow cytometry.

Injections, Diet, and Metabolic Studies—C57BL/6 mice were given intraperitoneal
injection of 50 pg Resiquimod (R848, Invitrogen) on day 0 and 50 pg Resiquimod on

day 2 or 3. B1-8" mice were given intraperitoneal injection of 50 ug Resiquimod (R848,
Invitrogen) on day 0 and 50 pg Resiquimod plus 100 pg NP-KLH on day 2 or 3. The mice
were sacrificed and spleens were collected for analysis and/or transfer on day 4 (as noted in
the figure legends).

Where indicated, mice were provided with either normal chow diet (NCD) or high fat diet
(HFD) (Research Diets, 60 kcal% fat) ad /ibitum and weighed at least one time per week.
Whole abdominal adipose fat pads were weighed after dissection. After no less than 6 weeks
on HFD, fasting blood glucose was measured (OneTouch Ultra). For glucose tolerance tests,
fasted (6 hr) mice received 1 g glucose per kg body weight intraperitoneally, and glucose
levels were measured every 15 min for up to 180 min.

Lymphocyte isolation and adoptive transfers—For adoptive transfer of B cells,
splenocytes in single-cell suspensions were harvested from | or R848/NP-KLH-injected
(8—12 week old) lean B6.SJL B1-8"i mice on day 4 as noted in figure legends. In some
experiments, wild-type mice were injected with R848 only prior to B cell harvest. B cells
were negatively selected using the EasySep™ B Cell Isolation Kit (Stemcell Technologies)
according to manufacturer’s instructions. This kit does not include anti-CD11c, so Thet+
CD11c+ B cells remained in the negative selection population. Post-enrichment cells were
then analyzed by flow cytometry using a BD FACS Celesta (Becton Dickinson, >95%
purity). 107 cells were then transferred to naive wild-type recipients fed NCD or HFD

via intravenous or intraperitoneal injection, as noted in figure legends. Preliminary testing
confirmed the clear presence of CD45.1+ congenically marked, transferred B cells in
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recipient mice 5 days post transfer (see Figure S5B) at frequencies proportional to the
number of cells transferred.

Serum for adoptive transfer was collected by submandibular terminal bleed from WT mice
fed a HFD for 12+ weeks. Sample was pooled from 10 mice, stored —80C before transfer

of 150ul/mouse via i.p. injection. Purified 1gG for adoptive transfer was isolated from serum
collected from 10 WT mice fed a HFD for 12+ weeks. Total 1gG was isolated from serum
passaged over a Melon™ Gel 1gG Spin Purification column (Cat#45206, ThermoFisher).
The flow-through from the columns containing the 1gG antibodies was dialyzed with

sterile PBS using Pierce™ Protein Concentrators PES, 50K MWCO (Cat#88538, Thermo
Scientific). IgM, IgG, and IgG2c concentrations were confirmed by ELISA prior to transfer.
150uL of sterile PBS containing—179 — 257ug IgG antibodies were transferred to recipient
mice on Day 0 and Day 3. GTTs were performed at Day 7.

Mixed Bone-Marrow Chimeras—Recipient Ca19°"¢/* and Thx21f10X/flox mice were
irradiated with a total of 900 rads distributed over two occasions and were allowed to rest
for a few hours followed by bone marrow reconstitution. Recipient mice were reconstituted
with 5 x 10% bone marrow cells and rested for at least 9 weeks. Donor bone marrow
included either 75% Ca19°™e"* and Thx21f10X/floX hone marrow mixed with 25% CXCL10~/
— bone marrow, or 75% Cd15°"/* and Thx2110%/floX hone marrow mixed with 25% WT
CXCL10+/+ bone marrow. These reconstitution mixtures resulted in mice in which only the
Thet+ B cells were deficient in CXCL10 expression or all cells were CXCL10 sufficient.
Graft reconstitution was evaluated by WAT and spleen analysis of CD45.1+ congenic
markers expressed by donor CXCL10-/- or CXCL10+/+ lymphocytes.

In vitro assays—Splenocytes in single-cell suspensions were harvested from naive
C57BL/6 wild-type mice. 1.5 x 10° total splenocytes or isolated B cells were plated in
96-well flat-bottomed plates and cultured in complete RPMI with 10% FCS in vitro for

48 h in the absence or presence of 2.5 ug/ml of Resiquimod (R848) followed by analysis

by flow cytometry. B cells were negatively selected using the EasySep™ B Cell Isolation
Kit (Stemcell Technologies) according to the manufacturer’s instructions. Supernatants were
collected and stored at minus 80°C until assessment by ELISA.

ELISA—Serum was isolated from blood collected via the tail or submandibular vein,

and samples were stored at minus 20°C until assessment by ELISA. Anti-H+L chain
capturing antibody was used (Southern Biotech) and all antibodies were detected with
HRP-conjugated secondary anti-mouse 1gG1, IgG2c, and IgG3 (Southern Biotech). 2,2"-
Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) substrate (Millipore-Sigma) was
used as a substrate for the HRP enzyme. CXCL10 in sera was measured by solid phase
sandwich ELISA using the Mouse DuoSet ELISA kit (R&D Systems) according to the
manufacturer’s instructions.

Flow Cytometry—Fc receptors on splenocytes in single-cell suspension were blocked
with purified anti-mouse CD16/32 (Bio x Cell) to reduce non-specific labeling, and the
cells were stained with Live/Dead Fixable Aqua viability dye (Life Technologies) for 10
minutes at room temperature. Cells were then washed and stained using indicated antibodies
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(BD Pharmingen, Biolegend, R&D Systems, or eBiosciences) for 30 minutes on ice. INKT
cells were identified with tetramers of PBS57-loaded CD1d tetramer (kindly provided by the
NIH tetramer core facility) conjugated to allophycocyanin, phycoerythrin, or Brilliant Violet
421™. For intracellular staining of cytokines or transcription factors, cells were processed
using the Foxp3 staining kit (eBioscience) according to the manufacturer’s instructions.
Finally, cells were resuspended in FACS buffer and analyzed on a Celesta cytometer (BD
Biosciences). Doublet exclusion and live-cell discrimination was performed on all cell
populations prior to further subgating. Between 5 x 10° and 1 x 107 events were collected
for extracellular stained samples and 5.0 x 10° events for samples stained for intracellular
markers. For /n vitro cultures, all cells present in culture dishes were analyzed. Samples
were analyzed using FlowJo software (TreeStar) or Diva software (BD Biosciences).

Histological Staining and Digital Imaging Analysis—Livers were perfused, then
liver or adipose tissue was collected from CaZc™e* and Thx21flox/flox or |ittermate controls
and immediately snap frozen in OCT (Tissue-Tek). Hepatic steatosis was examined by Qil
Red O dye, a Sudan stain specific for lipids. Adipocyte diameter was assessed by H & E
staining. Frozen tissue samples were sliced into 12um sections with a Cryostat at —18°C.
There were two to four slides sectioned from each mouse. Slides were examined and imaged
with Brightfield by Zeiss Microscope in the UTHealth MIMG Department Microscope
Facility. For Oil Red O-stained livers, five images were collected per slide beginning at

the portal vein and the right, bottom, left, and top of the portal vein image. Lipid staining

in five images per section, 2—4 sections per mouse was quantified using FI1JI software to
determine the pixels of area covered by lipid deposit (red staining above a common baseline
threshold set for all images from one experiment) as a ratio of the total area of the image (%
area). Images were confirmed to have the same total area in pixels. For adipocyte diameter,
circumference of 5 cells per section, 2—4 sections per mouse of H & E labeled adipose tissue
were outlined and used to calculate average cell diameters per section by Fiji software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was assessed with a two-tailed Student’s #test, paired #test, or 1-way
ANOVA, as indicated in figure legends. Sample size was chosen based on previous studies
when statistical significance was achieved. P values of less than 0.05 were considered
statistically significant and marked with an asterisk as noted in figure legends. Statistical
analysis was performed using GraphPad PRISM 7 software. Box heights and symbol centers
indicate group means and/or individual values. Error bars indicate s.e.m. Where indicated,
the tSNE algorithm was used to visualize data obtained from flow cytometry using FlowJo
(TreeStar).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Activated Tbet+ B cells accumulate in adipose tissue of humans and mice
with obesity

iNKT cells support adipose accumulation and antibody production by Thet+
B cells

Mice lacking Thet+ in B cells are protected from metabolic symptoms of
obesity

HFD-fed mouse 1gG restores metabolic disease in obese mice lacking Tbet+
B cells
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Figure 1. Increased expression of T-bet, CD11c, and CD69 in adipose B cells correlates with
increasing BMI in humans with obesity.

(A) Flow cytometry plots display gating and frequency of B cells (gate 5) and iINKT

cells (gate 3) in human subcutaneous adipose tissue. Dot plot quantifies B cell and iNKT
cell frequency in adipose tissue from patients that are lean (white), overweight (gray), or
obese (black); each dot represents one patient. (See also Table S1 and Figure S1). (B-E)
Representative histograms, dot plot quantification, and correlation between body mass index
(BMI; kg/m?) of forward scatter-area (FSC-A) (B), intracellular T-bet protein expression
(C), surface CD11c (D) and CD69 protein expression (E) for human adipose tissue B cells.
Data are from >30 experiments. (F) Flow cytometry plot of CD19* cells and gating of
T-bet* B cells from human adipose tissue. (G) Frequency of adipose tissue B cells that
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are T-bet™. Dots represent individual patients that are lean (white), overweight (gray), or
obese (black). (H-1) Frequency of T-bet™ B cell correlation with patient age (H) or BMI

(1. Quantification of CD11c (J) and CD1d protein expression (K) for T-bet™ (white) and
T-bet* (black) human adipose tissue B cells. (See also Figure S2) Dots represent one patient,
line shows mean, bars indicate SEM; 1-way ANOVA. (A-E) Lines indicate linear regression
trend with coefficient of determination (r2); *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001
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Figure 2. Murine adipose and splenic T-bet™ B cell frequency and surface phenotype correlate
with increasing body weight.

(A) Body weight and epididymal white adipose fat pad weight (week 15) of WT mice on the
normal chow diet (NCD; white) or the high fat diet (HFD; black). (B) Glucose tolerance and
resting serum glucose (week 15) measured by GTT. (C) Flow cytometry captures frequency
and number of splenic and WAT CD19* B cells in WT. (D-E) Flow cytometry of B cells
from adipose tissue (D) or spleen (E) of WT mice on the NCD or HFD. Zebra plots

show gating of T-bet* CD11c* B cells, dot plots show frequency and number of T-bet*
CD11c* cells from tissues indicated; correlation between frequency of tissue T-bet* CD11c*
B cells and body weight. See also Figure S3. Representative histograms and quantification
of FSC-A (F), CD69 (G), intracellular Nur77 protein (H), surface CD21 (i), CD23 (j), and
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CD1d protein expression (K) for splenic CD11c™ T-bet™ B cells (circles; white, dark grey)
and T-bet™ CD11c* B cells (squares; light grey, black). Symbols represent one mouse on
NCD (white, dark grey) or HFD (light grey, black). Data pooled from 4 (A-B), 2 (C), 7
(D-E), or 3 (F-K) experiments with 2-5 mice/grp and represented as mean = SEM; 2way
ANOVA, (D-E) Student’s t-test; (F-K) Wilcoxon matched pairs signed-rank. (D-E) Lines
indicate linear regression trend with coefficient of determination (r2); *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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Figure 3. Expansion of T-bet* CD11c™ B cells in diet-induced obesity depends on iNKT cells.
(A) Flow cytometry of lymphocytes from WT or CdZd 2/~ mice fed the NCD or HFD,

presented with the t-SNE algorithm. See also Figure S4. Color in top row cell maps indicate
expression of CD19: blue (low) to red (high). Second row cell maps indicate subgating of

B cell cluster 1 (blue) and 2 (red). Histograms show expression of T-bet (third row) and
CD11c (bottom row) by clusters identified in t-SNE maps; B cell cluster 1 (blue) and 2 (red).
(B-D) Representative flow cytometry of splenic (B) and quantification of WAT and splenic
(C,D) T-bet* CD11c™ cell frequency of total B cells; WT NCD (white) and HFD (black),

or Cd1d17"~ NCD (light blue) and HFD (dark blue). (E) Flow cytometric quantification of
numbers of NK1.1+ iNKT cells in WAT from WT mice fed a NCD (grey) or HFD (red).
(F-G) ELISA measure of serum IgG1 (F), 1IgG2c (G), and IgM (H) antibodies from WT
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or Cd1d1™"~ mice fed the NCD or HFD; correlation between frequency of splenic T-bet*
CD11c* B cells and IgG1 (F), IgG2c (G), and IgM (H), assessed by flow cytometry and
ELISA, respectively. WT NCD (white) and HFD (black), or CdZd7~/~ NCD (light blue)
and HFD (dark blue). Dots represent individual mice. Data pooled from 7 (A-D), 2 (E),

or 3 (F-G) experiments with at least 3 mice/grp. Mean = SEM; (B-C) Two-way ANOVA,;
(D-F) Student’s t-test and Student’s paired t-test. Lines indicate linear regression trend with
coefficient of determination (r2); *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Innate signal-induced expansion of T-bet* CD11c* B cells is iNKT cell-dependent.
(A) Flow cytometry of FSC-A, intracellular T-bet protein, surface CD69, CD86, CD21,

CD23, and CD1d protein expression for splenic CD19* B cells from WT mice administered
50ug R848 on day 0, 2 and harvested day 4 (black) or control (white). (B-G) Flow
cytometry plots display gating strategy and frequency of B cell subsets in spleen of WT
mice with (right) or without (left) R848 injection, as in (A). (H) Splenic B cell subset
frequency from (B-G). Transitional type 1 (T1) gate 1, Transitional type 2 (T2) gate 2,
Transitional type 2- Marginal zone precursor (T2-MZP) gate 3, Follicular B (FOB) gate
4, marginal zone B gate 5, CD21~ CD23™ gate 6, germinal center B (GC B) gate 7,
plasmablast gate 8, CD11c* gate 9. (1) Flow cytometry quantification of Thet* CD11c*

B cell frequency, isolated from spleens harvested 4 days after injection of wild-type or
Cd1d17'~ mice with (black) or without (white) R848. (J) Flow cytometry quantification
of IFN-y* cells among iNKT cells and conventional (c)T cells, isolated from spleens of
GREAT C.12954(B6)- /fng"™3.1Lky1) mice with (black) or without (white) R848 injection,
harvested on day 4. (K) Flow cytometry of splenic T-bet* CD11c* B cells from wild-type
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and Ja 18~ mice with (black) or without (white) i.p. injection of 0.5 pg aGalCer. Spleens
were harvested 4 days after injection. Data are from at 3 (A, 1-J, N), 2 (B-H), or 5 (K)
experiments with at least 2 mice/grp. Dots represent one mouse and/or show mean + SEM,;
bar height is mean £ SEM; (A-H) Student’s t-test; (I-K) 1-way ANOVA. Line indicates
linear regression trend with coefficient of determination (r2); *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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Figure 5. T-bet-expressing B cells secrete CXCL10 and contribute to metabolic disorder in
obesity.

(A) Representative flow cytometry histograms and dot plot summaries of cell size (FSC-
A), intracellular T-bet protein expression, surface CD69, CD86, CD21, and CD1d protein
expression, of isolated WT splenic B cells cultured /n vitro with (red dots/histograms) or
without (gray dots/histograms) 2.5 pg/ml R848 for 48 hours. (B) ELISA quantification of
CXCL10 in supernatants from WT splenic B cells stimulated with (black) or without (white)
R848 as in (A). (C) ELISA measured CXCL10 in day 4 serum of WT mice with (black)

or without (white) i.p. injection of 50ug R848 on day 0 and day 3. (D-E) GTT and glucose
area under curve (AUC) for WT mice fed the NCD (D, circles) or HFD (E, squares), with
(black) or without (white) transfer of B cells enriched for T-bet* CD11c™ B cells. Donor B
cells were from WT mice treated with R848 and NP-KLH /n vivo prior to isolation/transfer.
See also Figure S5. Bar graphs show GTT AUC, 4 days after transfer. Data are from one
experiment with at least 4 mice/grp (A), pooled from three experiments (B-C), or from 2
experiments with 2—4 mice/grp (D-E). Symbol centers or bar heights indicate individual
values or group means, respectively and data show mean + SEM; (A-E) Student’s t-test; *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 6. Ablation of Thx21 in B cells improves metabolic symptoms, limits adipose weight gain,
and reduces inflammatory macrophage infiltrate in adipose tissue during obesity.

(A) Representative flow cytometry histograms and scatter plot summary of intracellular
CXCL10 protein expression by Thet+ CD11c+ B or conventional B cells (cB) as compared
to fluorescent minus one (FMO) control staining. (B) Flow cytometry plots display gating
strategy and frequency of splenic CXCL10* CD11c* B cells isolated from indicated mice
fed NCD (top panels) or HFD (bottom panels); frequency summarized in bar graph. (C-D)
GTT and glucose area under curve (AUC) for indicated mice fed HFD (C, squares; E, black
squares or red triangles) or NCD (D, circles; E, white or grey squares). Bar graphs show
AUC for GTT (C,D). Mice lacking Thet+ B cells (red) compared to littermate controls with
intact Thet+ B cells (black) when fed a HFD vs NCD were compared for total and visceral
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white adipose tissue weight (F) and frequency of CD45+ leukocytes (G), adipose tissue
macrophages (ATM) (H), and M1 macrophages (I). Dots represent individual mice. Data
pooled from two experiments with 3—4 mice/grp; lines and bar heights represent mean +
SEM; Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7. Mice lacking Thet+ B cells have reduced serum 1gG2c¢ and reduced glucose intolerance,
but adoptive transfer of HFD serum or purified 1gG from HFD serum restores metabolic disease
and expands WAT macrophages.

(A-D) ELISA on serum from Thet+ B cell deficient mice (red) or intact littermate controls
(black) fed NCD or HFD for 20+ weeks revealed concentrations (ug/ml) of total IgM (A),
1gG (B), IgG1 (C), and 1gG2c (D). GTT and glucose (AUC) of HFD fed Thet+ B cell
deficient mice (red square) are exacerbated by serum transfer from WT HFD fed mice (grey
triangle) or purified 19G from WT HFD mice (black circle) (E, F). Transfer of 19gG from
HFD fed WT mice to obese mice lacking Thet+ B cells restores frequency, cells/gram, and
number of F4/80*CD11b™* adipose macrophages to levels comparable to HFD fed littermate
controls (H).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER RRID
Antibodies
Mouse FACS
TCRB Brilliant Violet 510™ Biolegend 109233 AB_2562349
TCRP Brilliant Violet 421™ Biolegend 109229 AB_10933263
TCRp Pacific Blue Biolegend 109226 AB_1027649
TCRP PerCp-Cy5.5 Biolegend 109227 AB_1575176
CD45.1 Brilliant Violet 711™ Biolegend 110739 AB_2562605
CD45.1 APC Biolegend 110713 AB_313502
CD45.2 Brilliant Violet 785™ Biolegend 109839 AB_2562604
CD45.2 PerCP-Cy™5.5 Biolegend 109827 AB_893352
CD45 BV785 Biolegend 103149 AB_2564590
T-bet PE-Cy™7 Biolegend 644823 AB_2561760
T-bet Brilliant Violet 785™ Biolegend 644835 AB_2721566
CD69 PE Biolegend 104507 AB_313110
CD69 PE-Cy™7 Biolegend 104511 AB_493565
CD69 Brilliant Violet 421™ Biolegend 104527 AB_10900250
PLZF Santa Cruz SC-28319 AB_2218941
19G1 PE-Cy™7 Biolegend 406613 AB_2562001
CD21/35 Brilliant Violet 650™ BD Biosciences 740495 AB_2740218
CD23 Brilliant Violet 510™ Biolegend 101623 AB_2563705
1gM Brilliant Violet 605™ Biolegend 406523 AB_2563358
IgD FITC BD Biosciences 553439 AB_394859
FCRII/II (CD16/CD32) APC/Cy7 Biolegend 101328 AB_2104158
CD19 PE-Cy7 Tonbo 60-0193-U100 AB_2621840
CD19 Bv421 Biolegend 115538 AB_11203527
CD19 FITC BD Biosciences 553785 AB_395049
CD19 BV786 BD Biosciences 563333 AB_2738141
Anti-mouse CD16/32 (2.4G2) Bio-X-Cell CUS-HB-197 AB_2687830
PE-Cy7 Rat Anti-Mouse CD19, Clone 6D5 | Biolegend 115520 AB_313655
CD11c APC BD Biosciences Tonbo 550261 AB_398460

20-0114-U100

CD11c PE BD Biosciences 553802 AB_395061
CD11c BV650 BD Biosciences 564079 AB_2725779
CD36 AF647 Biolegend 102610 AB_528794
CXCR3 Brilliant Violet 650™ Biolegend 126531 AB_2563160
IL-10 APC BD Biosciences 554468 AB_398558

Cell Metab. Author manuscript; available in PMC 2023 August 02.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hagglof et al. Page 36
REAGENT or RESOURCE SOURCE IDENTIFIER RRID
Nur77 PE eBioscience 12-5965-82 AB_1257209
NK1.1 BV650 Biolegend 108736 AB_2563159
NK1.1 PE Tonbo 50-5941 AB_2621804
CD11b BV510 Biolegend 101263 AB_2629529
CD11b FITC BD Biosciences 553310 AB_394774
F4/80 BV421 Biolegend 123137 AB_2563102
F4/80 BUV661 BD Biosciences 750643 AB_2874771
CD1d tetramer APC NIH Tetramer Core
Ghost Dye UV450 Thermofisher L34962
B220 BV786 BD Biosciences 563894 AB_2738472
LipidTox Deep Red Fisher Scientific H34477
Human FACS
CD3 BV510 Biolegend 317332 AB_2561943
Va?24-Ja 18 Brilliant Violet 421™ Biolegend 342915 AB_2564004
CD15FITC Biolegend 301904 AB_314196
T-bet BV785 Biolegend 644835 AB_2721566
Thet PECy7 Biolegend 644824 AB_2561761
Isotype MOPC-21 1gG1k BV785 Biolegend 400169 AB_11219601
CD11c BV650 Biolegend 301637 AB_2562231
CD69 BV650 Biolegend 310933 AB_2561783
CD27 APC Clone 0323 Tonbo 20-0279-T025 AB_2621569
CD27 Clone LG.3A10 Biolegend 124211 AB_1236460
IgD BVv421 Biolegend 348225 AB_2561618
Mouse ELISA
Total capture Invitrogen PA1-85986
1gG Horseradish Peroxidase Southern Biotech 1030-05
1gM Horseradish Peroxidase Southern Biotech 1020-05
1gG1 Horseradish Peroxidase Southern Biotech 1070-05
1gG2b Horseradish Peroxidase Southern Biotech 1090-05
1gG2c Horseradish Peroxidase Southern Biotech 1078-05
1gG3 Horseradish Peroxidase Southern Biotech 1100-05
1gA Horseradish Peroxidase Southern Biotech 1040-05
IgE Horseradish Peroxidase Southern Biotech 1110-05
Human ELISA
Total capture Southern Biotech 2010-01
1gG Horseradish Peroxidase Jackson ImmunoResearch Inc.
1gM Horseradish Peroxidase Southern Biotech 2020-05
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REAGENT or RESOURCE SOURCE IDENTIFIER RRID
1gG1 Horseradish Peroxidase Southern Biotech 9052-05
1gG2 Horseradish Peroxidase Southern Biotech 9060-05
1gG3 Horseradish Peroxidase Southern Biotech 9210-05
1gG4 Horseradish Peroxidase Southern Biotech 9200-05
1gA Horseradish Peroxidase Jackson ImmunoResearch Inc.
IgE Horseradish Peroxidase Southern Biotech 9160-05
Rabbit Serum Fisher Sigma ICN1935780
R4505-500
Goat Serum Sigma G6767

Bacterial and Virus Strains

Biological Samples

Human samples

San Antonio Plastic Surgery Institute/Christus Santa

Rosa Hospital

Chemicals, Peptides, and Recombinant Proteins

Alpha Galactosyl-Ceramide KRN7000

Enzo Life Sciences Avanti Polar lipids

Cat# BML-SL232
867000P-1mg

Resiquimod Sigma SMLO0196-10MG
CD1d-tetramers NIH Tetramer Core Facility N/A
Brefeldin A (GolgiPlug) Biolegend 420601
FBS Cytiva SH30088.03
L-Glutamine Fisher 25-005-Cl
RPMI 1640 medium Fisher MT10040CV
Collagenase Sigma C5138-5G
Streptavidin-Horseradish Peroxidase Fisher BD Pharmingen SNN2004
(nowS911)
554066
Glucose Sigma G8769-100ML
Formalin Fisher 22-050-104
OoCT Fisher 23-730-571
NP-KLH Biosearch Technologies N-5060-5
DMEM Fisher MT10014CV
BSA Lee Biosolutions 100-12
PBS Fisher BP243820
Critical Commercial Assays
CXCL10 ELISA R&D systems DY466-05

Foxp3 / Transcription Factor Staining
Buffer Set

eBioscience

Cat# 00-5523-00

LIVE/DEAD Fixable Near-IR Dead Cell Life Technologies Cat# L10119
Staining Kit
B cell isolation kit StemCell 19854
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REAGENT or RESOURCE SOURCE IDENTIFIER RRID
Melon Gel IgG Spin ThermoFisher 45206
Pierce Protein Concentrators PES, 50K ThermoFisher 88538

Deposited Data

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Mouse: Wild type C57BL/6J

The Jackson Laboratory

Strain Code: JAX
000664

Mouse: WT Congenic (CD45.1) B6.SJL-
Ptprca Pepcb/BoyJ

The Jackson Laboratory

Strain Code: JAX
002014

Mouse: GREAT C.129S4(B6)-
Ifngtm3-1Lky/)

Markus Mohrs

Strain code: JAX
017580

Mouse: Validtg
C57BL/6-Tg(Cd4-TcraDN32D3)1Aben/J

Michael Brenner; The Jackson Laboratory

Strain Code: JAX
014639

Mouse: B6.SJL B1-8N
B6.129P2 (C)-Ight™12CanJ

Michel Nussenzweig

Strain code: JAX
12642

Mouse: C57BL/6 Ja18-/-

Michael Brenner

N/A

Mouse: CD1d-/-
B6.129S6-Del(3Cd1d2-Cd1d1)1Sbp/J

Mark Exley; The Jackson Laboratory

Strain Code: JAX
008881

Mouse: Thetf/fl
B6.129- THx21M25™/] mice

Nu Zhang; The Jackson Laboratory

Strain Code: JAX
022741

Mouse: CD19C" C.Cg-Cd19tm1(cre)Cgn
1ghb/J

The Jackson Laboratory

Strain Code: JAX
004126

Mouse: T-betfl CD19°¢/*; C.Cg-
Cd19tm1(cre)Cgn Ighb/J crossed with
B6.129- THx21M25™/J mice

This paper

N/A

Mouse: CXCL10-/-
C.12954(B6)-Cxcl10tm1Ady)

The Jackson Laboratory

Strain code: JAX
006087

Oligonucleotides

Primer Thx21 Forward: 5’-
AACTGTGTTCCCGAGGTGTC-3’

Primer Thx21 Reverse: 3’-
GGAGCCCACAAGCCATTACA-3’

Recombinant DNA

Software and Algorithms

GraphPad Prism v7

GraphPad

https://
www.graphpad.co
m/scientific-
software/prism/

FlowJo (version 10.1)

FlowJo, LLC

https://
www.flowjo.com

MS Excel 2016

Microsoft

N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

RRID

Diva

BD Biosciences

http://
www.bdbioscienc
es.com/us/
instruments/
clinical/software/
flowcytometry-
acquisition/bd-
facsdivasoftware/
m/333333/
overview

Other

High Fat Diet (HFD; 60% kcal fat)

Research Diets

D12492

FACS analyzer BD Bioscience BD FACSCelesta
FACS sorter BD Bioscience BD FACSArialllb
100 pm cell strainer Fisher 22-363-549
08-771-19
40 pm cell strainer Fisher 22-363-547
08-771-1
Crysostat microtome Leica VT1000S
Glucose strips Bayer Contour 7097C
Glucometer Bayer Contour 9545C
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