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Abstract 
 Invariant natural killer T cells (iNKT) cells can play an anti-inflammatory 

role and secrete the cytokine interleukin 10 (IL-10). IL-10 acts to inhibit signaling 

from inflammatory cytokines. Loss of iNKT cells has been implicated in cancer, 

autoimmune diseases, diabetes, and obesity. During early responses to immune 

challenge, iNKT cells provide help to B cells via two main pathways. Direct help 

from iNKT cells to B cells follows an innate pathway, while indirect help from 

iNKT cells to B cells follows an adaptive pathway. The specific interaction 

between B cells and iNKT cells within adipose tissue is not understood. Here, the 

interaction between iNKT cells and B cells within white adipose tissue and brown 

adipose tissue was examined using αGalCer, a potent stimulator of iNKT cells. In 

both brown and white adipose tissue, αGalCer stimulation resulted in an 

expansion of tissue-resident, IL-10 producing iNKT cells. However, tissue-

resident B cells did not significantly increase in number or IL-10 production. 

Instead, a population of B220+CD19-CD1d+ lymphocytes were found to have an 

iNKT-dependent expansion in response to αGalCer. Our data suggests that iNKT 

cells provide indirect, adaptive help to B cells within both brown and white 

adipose tissue. These findings have implications in possible treatments for 

diabetes and obesity, as activated iNKT cells could be used to reduce tissue 

inflammation. 
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Introduction 

Invariant Natural Killer T Cells (iNKT cells) 

 Invariant natural killer T cells (iNKT cells) are lymphocytes that regulate a 

wide variety of immune cells, and consequently play a critical role in a number of 

pathologies. iNKT cells have been implicated in autoimmune diseases such as 

diabetes, lupus and multiple sclerosis.  For example, activated iNKT cells were 

found to reduce paralysis in experimental autoimmune encephalomyelitis, a 

murine model of multiple sclerosis (Singh et al., 2001). An increase in iNKT cell 

numbers was also associated with a lower risk of developing diabetes in non-

obese diabetic mice (Tard et al., 2015). iNKT cells have also been implicated in 

cancer, weight loss and have potential as vaccine targets (Leadbetter et al., 

2011, Lynch et al., 2012). Nanoparticles designed to specifically target and 

activate iNKT cells are currently being tested for new cancer therapies, as iNKT 

cells induce anti-tumor mechanisms (Macho-Fernandez et al., 2014).  

 iNKT cells are a subset of T cells which display characteristics similar to 

Natural Killer cells (NK cells; Lynch et al., 2014). They are named invariant for 

their T cell receptor (TCR) which has an α-chain (Vα14-Jα18) paired with Vβ8.2 or 

Vβ7 or Vβ2 TCRβ chains (Leadbetter et al., 2011). iNKT cells can be found in the 

spleen, peripheral blood, liver and adipose tissue. In visceral adipose tissue iNKT 

cells compose 15-20% of the total T cell population (Lynch et al., 2012). iNKT 

cells which produce the anti-inflammatory cytokine interleukin-10 (IL-10) have 

been found to be a distinct regulatory subset of iNKT cells (Lynch et al., 2015).  
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 iNKT cells are activated by an interaction between their invariant TCR and 

CD1d, an antigen presenting complex found on B cells and most professional 

antigen presenting cells, including dendritic cells. CD1d is composed of a large 

hydrophobic channel which binds and presents glyocolipids to iNKT cells. One of 

the glyocolipids bound by CD1d is the ligand α-galactosylceramide (αGalCer). 

Originally isolated from sea sponges, synthetic α-GalCer is currently used to 

activate iNKT cells in vitro and in vivo (Leadbetter et al., 2011).  

B Cells  

 B cell lymphocytes are integral to the immune system's defense against 

pathogens, and subsequent memory and immunity. When mature naive B cells 

receive activating signals through the B cell receptor (BCR), a subset 

differentiates to become antibody producing plasmablasts, while the majority of 

activated B cells enter a structure of lymphoid tissues known as the germinal 

center (Nutt et al., 2015). Within the germinal center, B cells receive additional 

signals, notably through CD40 on CD4+ T cells. The combination of signals from 

the BCR and CD40 drives B cell proliferation, somatic hypermutation, affinity 

maturation, and antibody class-switching. B cells then exit the germinal center as 

differentiated antibody-producing plasma cells or long-lived memory B cells, both 

with the ability to produce high affinity antibodies of the appropriate isotype 

(Recaldin & Fear, 2015).  

 A subset of B cells has been found to produce the anti-inflammatory 

cytokine interleukin-10 (IL-10). These B cells have been termed regulatory B 

cells (Bregs) or B10 cells. Within the spleen, only 1-2% of B cells are capable of 
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producing IL-10 following stimulation (Nishimura et al., 2013). The signals 

required for development of B10 cells is actively under investigation, and multiple 

subsets of B10 cells are thought to exist. This IL-10 producing population of B 

cells plays an anti-inflammatory role and loss of these cells has been implicated 

in inflammatory bowel disease, diabetes, lupus, and multiple sclerosis (Tedder, 

2015).  
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Innate and Adaptive Interactions Between B Cells and iNKT Cells 

 
 

 Studies of the iNKT and B cell interaction in the spleen have led to two 

models for B cell activation by iNKT cells (Figure 1; Leadbetter et. al., 2014). 

These innate and adaptive models of iNKT help provided to B cells result in 

different outcomes in terms of antibody production and memory generation. iNKT 

cells can directly interact with B cells in the innate model of iNKT cell help (Figure 

Figure 1 | Invariant Natural Killer T Cells are involved in innate (cognate) and adaptive 
(noncognate) pathways which serve to activate B cells. These pathways have primarily been 
studied in the spleen, where B cells differentiate into plasmablasts (PB) and germinal center B 
cells (GC B) following activation. Innate help (A) begins when a B cell presents a glycolipid 
loaded in CD1d to an iNKT cell. The iNKT cell then supplies signals such as IFNγ, IL-21, 
CD40L and CD28 in order to activate the B cell. However this activation only results in 
plasmablast and germinal center B cell development, and lacks development of plasma cells 
(PC) or memory B cells (Bmem). Additionally an innate response is specific to T-dependent type 
II antigens. Adaptive help (B) results in the creation of both plasma cells and memory B cells. 
iNKT cells recruit dendritic cells (DC) and CD4 T cells first in order to activate protein specific 
B cells. The dendritic cell presents a glycolipid loaded into CD1d to an iNKT cell. The iNKT cell 
then supplies signals, such as CD40L and CD28, which cause the dendritic cell to upregulate 
MHC class II antigen presentation and CD40 molecules in order to activate CD4 T cells. CD4 
T cells can also receive direct signals from iNKT cells, such as IL-2, IL-4, BAFF and APRIL. 
The CD4 T cells then activate B cells to differentiate and ultimately form memory B cells.  
(Modified from Leadbetter et al., 2014) 
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1A). In this model, the iNKT cell recognizes the glycolipid and CD1d molecules 

presented on the B cell. The iNKT cell then activates the B cell directly by signals 

from CD40L and CD28 and the secretion of cytokines such as IL-21 and IFNγ. 

The notable difference between innate and adaptive iNKT help is that innate 

iNKT help results exclusively in the production of plasmablasts and does not 

result in the production of a humoral memory response and plasma cells (Figure 

1A) (Chang et al., 2012).  

 In adaptive iNKT help (Figure 1B) the iNKT cell initially interacts with 

glycolipid bound CD1d presented by a dendritic cell. iNKT binding sends signals 

to the dendritic cell through CD40L and CD28, resulting in increased major 

histocompatibility complex class II (MHC II) presentation by the dendritic cell. The 

dendritic cell can then interact with and activate CD4+ T cells, which in turn 

activates antigen-specific B cells. Thus, adaptive iNKT help results in the 

production of a humoral memory response and the production of class-switched 

antibodies. The exact reason for this difference in outcome is not entirely 

understood, but is thought to allow iNKT cells to participate in an early response 

to a pathogen via an innate pathway, and to be involved in later responses which 

subsequently create humoral memory (Leadbetter et al., 2014). While these 

models for iNKT help in B cell activation have been developed in the spleen, B 

cells and iNKT cells also reside within adipose tissue. However, the exact 

mechanisms behind their interaction within adipose tissue is not fully understood.   
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Adipose-Resident Lymphocytes 

 Traditionally, adipose tissue has been divided into two forms – white 

adipose tissue (WAT) and brown adipose tissue (BAT). White adipose tissue 

serves as triglyceride energy storage and brown adipose tissue serves an 

important role in thermoregulation (Park et al., 2014). While white adipose tissue 

tends to be the primary focus of obesity studies, brown adipose tissue has been 

found to play an important role in weight loss and blood sugar regulation (Wu et 

al., 2014). Both white and brown adipose tissue have been found to have tissue 

resident lymphocyte populations, some of which are phenotypically different from 

lymphocytes in other tissue types (Exley et al., 2014). White adipose tissue 

resident iNKT cells have been identified. These iNKT cells produce interleukin 10 

(IL-10) and interleukin 2 (IL-2) and serve to regulate inflammation (Lynch et al., 

2014). Adipose tissue resident B cells have also been identified, and they too 

produce IL-10 and serve an anti-inflammatory purpose (Nishimura et al., 2013).  

 

iNKT Cells in Obesity  

 A major pathology of obesity is a chronic state of inflammation within 

adipose tissue (Apostolopoulos et al., 2015). This state of inflammation is 

perpetuated by anti-inflammatory immune cells, which convert to a pro-

inflammatory phenotype, and release pro-inflammatory cytokines such as tumor 

necrosis factor α (TNFα; Wentworth et al., 2010). Adipocytes then fail to correctly 

store the excess lipids within inflamed tissue, and resistance to insulin 

subsequently develops, leading to metabolic dysfunction. iNKT cell numbers drop 
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as obesity progresses, and are restored with loss of weight (Lynch et al., 2012). 

When iNKT cells are transferred into obese mice, the mice not only lose weight 

but also improve insulin sensitivity (Lynch et al., 2012). Finally, iNKT cell 

activation by αGalCer injection in obese mice also results in loss of weight and 

improved insulin sensitivity (Lynch et al., 2012). These findings suggest that iNKT 

cells play an important role in maintaining homeostasis within adipose tissue, and 

that their regulatory nature can help to reduce tissue inflammation, even after 

inflammation has begun.  

 

Interactions Between iNKT Cells and B Cells in Adipose Tissue 

 B cells and iNKT cells are both found within adipose tissue, and appear to 

have distinct regulatory phenotypes. The mechanisms and kinetics behind their 

interaction in adipose tissue is not fully understood. Additionally, most studies on 

iNKT and B cell populations in adipose tissue have focused on white adipose 

tissue, as it makes up the majority of adipose tissue in mammals. The presence 

of functional brown adipose tissue in adult humans has only recently been 

appreciated (Betz & Enerback, 2015). Understanding how these iNKT cells and B 

cells interact and the means by which they are activated within both white and 

brown adipose tissue is critical to furthering therapies and treatments for obesity 

and glucose intolerance. In this study, we aimed to address how adipose iNKT 

cells and B cells interact, if these interactions are similar to those in the spleen or 

are unique to adipose tissue, and whether B cell activation was iNKT-dependent 

in adipose tissue.  
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Results 

iNKT cells and B cells co-localize in WAT and spleen

 

 

 iNKT cells and B cells are readily found in the spleen (Leadbetter et al., 

2011) and white adipose (Lynch et al., 2014). However the presence of iNKT 

cells in brown adipose tissue has been less thoroughly examined. iNKT cells 

from C57BL/6 Cxcr6 GFP/- mice, which express eGFP in any cell bearing high 

levels of CXCR6, the majority of which are iNKT cells, were visualized in 

combination with B cells in white adipose tissue (Figure 2A), brown adipose 

tissue (Figure 2B, C), and the spleen (Figure 2D) using confocal microscopy. 

iNKT cells were also identified by their ability to bind CD1d tetramer on their 

surface (Figure 2A, white arrow). However the CD1d tetramer at times exhibited 

nonspecific binding (Figure 2B, D) making it difficult to work with. iNKT cells are 

present in white adipose tissue, brown adipose tissue, and in the spleen (Figures 

2A, C, D white arrows). B220+ B cells are also present in the white adipose 

tissue, brown adipose tissue and spleen (Figures 2A, B, D blue cells). In the 

Figure 2 | Confocal microscope images of adipose and splenic tissue. iNKT reporter mice 
(C57BL/6 Cxcr6 GFP+/-) tissue samples were used, and CD1d Tetramer staining was used as a 
secondary confirmation for iNKT cells. White arrows point to iNKT cells. B cells are tagged with 
B220 and appear blue. A Hoechst stain was used to stain DNA in the brown adipose tissue. (A) 
shows iNKT cells and B cells in white adipose tissue, (B) shows B cells in brown adipose tissue, 
(C) shows an iNKT cell in brown adipose tissue, outlined in red CD1d Tetramer, and (D) shows 
B cells and iNKT cells in the spleen 
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white adipose tissue samples, iNKT cells and B cells were co-localized (Figure 

2A). In the brown adipose tissue both B cells and iNKT cells were observed in 

the same tissue sample, (Figure 2B, C) however no images were taken of the 

two cell types in close proximity. Finally in the spleen an abundance of B cells 

was visualized, along with a few iNKT cells in very close proximity (Figure 2D).  

The co-localization of iNKT cells and B cells in the white adipose tissue and 

spleen indicates the potential for a direct interaction between those cells within 

those tissue types.  

 

Adipose Lymphocytes are optimally isolated by Collagenase IV digestion 

 One of the difficulties in studying iNKT and B cell interactions in the 

adipose tissue is isolating the relatively low number of adipose resident 

lymphocytes. A number of methods utilizing different Collagenases have been 

described in the literature, including Collagenase VIII (Valina et al., 2007), 

Collagenase I (Huang et al., 2013) and Collagenase IV (Lynch et al., 2014). Cell 

count estimations using Trypan blue staining, and percentages of iNKT cells and 

B cells assessed by flow cytometry data were used to determine efficiency of the 

Collagenase-mediated isolation of lymphocytes (data not shown). Collagenase IV 

proved to be more effective on both brown and white adipose tissue, whereas 

Collagenase VIII worked well on BAT, but not on WAT (data not shown). 

Collagenase IV solution with FCS serum displayed higher lymphocyte cell yields 

(data not shown) than Collagenase IV alone in both adipose tissues. Therefore, 
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the Collagenase IV solution with 5% FCS serum was used throughout the 

experiments to isolate adipose-resident lymphocytes.  

 
Adipose iNKT cells proliferate markedly following αGalCer injection 

 

  

 VertX/Thy1.1 mice were used to examine the kinetics of B cell and iNKT 

cell activation following injection with αGalCer (Figure 3). These mice express 

GFP when the gene encoding the anti-inflammatory cytokine interleukin-10 (IL-

10) is transcribed (Madan et al., 2009). Mice received intravenous injections of 

0.5 μg αGalCer on day 0. Tissues were harvested on day 2 and day 4 (Figure 4). 

Noninjected VertX/Thy1.1 mice were used as controls.  

 

 
 
 

Figure 3 | Mice injection strategy with αGalCer for tissue harvesting at day 2 and day 4.  Six 
VertX/Thy1.1 mice were injected with αGalCer on day 0 (A), and six uninjected VertX/Thy1.1 
mice were used as controls (B). VertX/Thy1.1 strains are reporter mice for the cytokine 
interleukin 10 (IL-10). Mice were harvested at two time points following injection, day 2 and 
day 4 for comparison of IL-10 production.  
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Flow Cytometry Gating Strategy for Detection of iNKT Cells, B Cells and IL-
10 

 

 

 Tissue-resident lymphocytes were examined by flow cytometry (Figure 4). 

iNKT cells were defined as B220-TCRβ+CD1d-Tetramer+ cells (Figure 4B, C). B 

cells were defined as cells positive for both B220+CD19+ (Figure 4A, E). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 | Gating strategy for invariant natural killer T cells and B cells. Prior to the lymphocyte 
gate (A), doublets were gated out using a linear gate on forward scatter area versus forward 
scatter height. Dead cells were then excluded using a propidium iodide (PI) stain. iNKT cells 
were gated as B220- (B) and TCRb+CD1d-Tetramer+ (C). IL-10+ iNKT cells are shown in (D). B 
cells were gated as B220+CD19+ (E), and IL-10+ B cells are shown in (F). 
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Adipose and splenic iNKT cell population expand following αGalCer 
injection 

 

 

 In all tissue types iNKT cell numbers were unchanged two days post 

injection (Figure 5). iNKT cells expand greatly in all tissue types by day four post 

αGalCer injection (Figure 5). On day four, the mean number of iNKT cells in the 

spleen increased six-fold (Figure 5A), however iNKT cells in the adipose tissue 

displayed the most marked increase. The mean number of brown adipose tissue 

iNKT cells expanded 49 fold (Figure 5B) and the mean number of white adipose 

tissue iNKT cells expanded 57 fold (Figure 5C).  

 

 

 

 

 

 

 

Figure 5 | iNKT cell population numbers increase in the spleen, brown adipose tissue and 
white adipose tissue 4 days after αGalCer injection. Red bars indicate mice that received 
αGalCer injection (n=3), blue indicates uninjected mice (n=3). The cells counts were 
calculated from flow cytometry percentage data of iNKT cells in VertX/Thy1.1 mice on day 2 
and day 4 following αGalCer injection. The number of iNKT cells in the spleen (A), brown 
adipose tissue (B), and white adipose tissue (C) expand following αGalCer injection. 
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Adipose B cell populations do not expand following αGalCer injection 

  

 No remarkable increase in B cell population was observed in any of the 

tissue types 2 days after αGalCer injection (Figure 6). Four days after αGalCer 

injection, the mean B cell population in the spleen increased 1.7 fold (Figure 6A). 

There is no notable change in B cell numbers in the adipose tissue four days 

after αGalCer injection (Figure 6B, C), especially given the standard error.   

 
 
 

 

 

 

 

 

 

 

 

Figure 6 | B cell population numbers in the spleen, brown adipose tissue and white adipose 
tissue do not notably increase following αGalCer injection. Red bars indicate mice that 
received αGalCer injection (n=3), blue indicates uninjected mice (n=3). The cells counts were 
calculated from flow cytometry percentage data of B cells in VertX/Thy1.1 mice on day 2 and 
day 4 following αGalCer injection. Number of B220+CD19+ B cells are shown for the spleen 
(A), brown adipose tissue (B), and white adipose tissue (C). 
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IL-10 producing iNKT cells increase 4 days after αGalCer injection  

 

  Regulatory iNKT cells and regulatory B cells serve an anti-inflammatory 

function via secretion of the cytokine interleukin-10 (IL-10) (Lynch et al., 2015) 

(Nishimura et al., 2013). iNKT cells producing IL-10 were identified as B220- 

TCRβ+CD1d-Tetramer+eGFP+ (Figure 4A-D). None of the tissue types had a 

significant change in IL-10 production from iNKT cells at day two post αGalCer 

injection. However, in all three tissues (spleen, brown adipose and white 

adipose) a notable increase in iNKT cells producing IL-10 was found at day four 

post αGalCer injection. The mean population of splenic IL-10 producing iNKT 

cells increased 161 fold following αGalCer stimulation (Figure 7A). The mean 

brown adipose tissue IL-10 producing iNKT cell population expanded five fold 

(Figure 7B) and the mean population of white adipose tissue IL-10 producing 

iNKT cells increased 10 fold (Figure 7C).  

 

 

Figure 7 | IL-10 producing iNKT cell numbers increase in the spleen, brown adipose tissue, 
and white adipose tissue 4 days post αGalCer injection. Red bars indicate mice that received 
αGalCer injection (n=3), blue indicates uninjected mice (n=3). The cell counts were 
calculated from flow cytometry percentage data of IL-10+ invariant natural killer T cells in 
VertX/Thy1.1 mice on day 2 and day 4 following αGalCer injection. IL-10 producing iNKT cell 
numbers are shown in the spleen (A), brown adipose tissue (B), and white adipose tissue 
(C). 
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IL-10+ B cells display no change in adipose tissue in response to αGalCer 
injection  

 

 

 Populations of B cells producing IL-10 were identified as 

B220+CD19+eGFP+ (Figure 4A, E, F). The spleen, brown adipose tissue and 

white adipose tissue all had minimal increases in IL-10 producing B cells two 

days post αGalCer injection. By day 4 post αGalCer injection, the mean number 

of splenic B cells producing IL-10 increased almost four fold (Figure 8A). 

However, in the brown adipose tissue (Figure 8B) and white adipose tissue 

(Figure 8C) the number of IL-10+ B cells increased by a small amount, if at all, by 

day four post injection.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 | IL-10 producing B cell numbers increase in the spleen (A) 4 days post αGalCer 
injection. Brown adipose tissue (B), and white adipose tissue (C) IL-10+ B cells display a less 
significant increase following αGalCer stimulation. Red bars indicate mice that received 
αGalCer injection (n=3), blue indicates uninjected mice (n=3). The cell counts were calculated 
from flow cytometry percentage data of IL-10+ B cells in VertX/Thy1.1 mice on day 2 and day 4 
following αGalCer injection.  
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CD1d+ Regulatory B cells increase on day four post αGalCer stimulation  

 

 

 If regulatory B cells are positive for the CD1d receptor, this would suggest 

that iNKT cells and regulatory B cells could directly interact. IL-10 producing B 

cells expressing three different levels of CD1d expression were observed four 

days after αGalCer injection, so IL-10 positive B cells were split into three gates: 

CD1dlo, CD1dmed, CD1dhi (Figure 9A). Following αGalCer injection, the B cells in 

the spleen (Figure 9B), white adipose tissue (Figure 9C) and brown adipose 

tissue (Figure 9D) producing the highest levels of IL-10 were also CD1dmed. And 

it was this group of IL-10+CD1dmed B cells which most notably increased in 

number following injection. However, especially in the white adipose tissue, this 

population of CD1d+ regulatory B cells is relatively small. The mean total number 

Figure 9 | IL-10 producing B cells and expression of CD1d increase in the spleen, white 
adipose tissue and brown adipose tissue following αGalCer injection. The cell counts were 
calculated from flow cytometry percentage data of CD1d+ B cells expressing IL-10 in 
VertX/Thy1.1 mice on day 4 following αGalCer injection. Red bars indicate mice that received 
αGalCer injection (n=3), blue indicates uninjected mice (n=3). The three groups of CD1dlo, 
CD1dmed, and CD1dhi were gated as shown in (A), for the spleen (B), white adipose tissue 
(C), and brown adipose tissue (D). The total mean number of IL-10+CD1d+ B cells is shown in 
the spleen (E), brown adipose tissue (F) and white adipose tissue (G).  
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of splenic CD1d+ regulatory B cells increased by 3.8 fold following αGalCer 

injection. In adipose tissue, there was a trend towards CD1d expression on B 

cells following αGalCer expression. In white adipose tissue the mean total 

population increased almost three fold, however in brown adipose tissue the 

mean total population increased by an insignificant amount.  

 

Expansion of Splenic resident B cells after αGalCer injection requires iNKT 
cells 

  

 

 To further examine the interaction between iNKT cells and B cells, iNKT-

deficient Jα18 knockout (KO) mice were utilized, and tissues were examined four 

days after αGalCer injection (Figure 10). iNKT and B cells were identified as 

previously described (Figure 4). As observed previously (Figure 6A), αGalCer 

injection stimulated an increase in the number of splenic-resident B cells in wild 

type mice (Figure 11A).  

Figure 10 | Mice injection strategy with αGalCer in wild type C57BL/6 mice and Jα18 KO mice. 
Jα18 KO are deficient in invariant natural killer T cells. Two Jα18 KO mice and two wild type 
mice were injected on day 0 and tissue was harvest on day 4. Two uninjected Jα18 KO mice and 
two uninjected wild type mice were used as controls.  
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Loss of iNKT cells does not impact adipose B cell populations 

 

 

However, αGalCer injection did not stimulate an increase in the number of 

resident splenic B cells in the iNKT-deficient Jα18 KO mice (Figure 11A), 

suggesting the splenic expansion is iNKT-dependent. In both brown and white 

adipose tissue, αGalCer injection did not stimulate an increase in tissue resident 

B cell numbers in wild type mice, or in iNKT-deficient Jα18 KO mice. Thus iNKT 

cells appear to have a direct role in the expansion of splenic B cells but not in the 

expansion of brown and white adipose B cells.   

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 | B cell numbers following αGalCer injection are affected in the spleen (A) of Jα18 KO 
mice but not in the brown adipose tissue (B) or white adipose tissue (C). Red bars indicate mice 
that received αGalCer injection (n=2), blue indicates uninjected mice (n=2). The cell counts were 
calculated from flow cytometry percentage data on the B cell population in wild type and Jα18 
KO mice.  
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iNKT cells drive expansion of a B220+CD19- population following αGalCer 
stimulation   

 

 

 In both the brown and white adipose tissues of wild type mice, injection of 

αGalCer results in an expansion of a B220+CD19- population of cells on day four 

post injection (Figure 12A, B). This expansion does not occur to the same extent 

in the spleens of wild type mice. In the adipose tissues of Jα18 KO mice, 

significantly less expansion of the B220+CD19- population occurs following 

αGalCer stimulation (Figure 12C, D). This suggests that expansion of the 

B220+CD19- cell population in response to αGalCer is iNKT-dependent. A 

significant portion of these B220+CD19- adipose cells also express CD1d, 

indicating that they have the potential to interact with iNKT cells. After gating the 

B220+CD19- population (Figure 12A-D), the population was then gated for CD1d+ 

Figure 12 | Loss of iNKT cells negatively affects the B220+CD19- population in brown adipose 
tissue and white adipose tissue, but not in the spleen. The cell counts were calculated from 
flow cytometry percentage data on the CD19-B220+ cell population in wild type and Jα18 KO 
mice. Red bars indicate mice that received αGalCer injection (n=2), blue indicates uninjected 
mice (n=2). (A) Wild type tissue uninjected, (B) wild type tissue injected with αGalCer, (C) 
Jα18 KO tissue uninjected, and (d) Jα18 KO tissue injected with αGalCer. The red gates 
show the affected B220+CD19- population. Graphs (E-F) show the B220+CD19- population of 
cells which are also expressing CD1d (E) The B220+CD19-CD1d+ population is less affected 
in the spleen, where αGalCer stimulation results in less of a population increase. (F) Brown 
adipose tissue and (G) white adipose tissue both display an increase in the B220+CD19-

CD1d+  population following αGalCer stimulation, and both show deficiency in that population 
when iNKT cells are knocked out in the Jα18 KO mice.  
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cells. The respective numbers of B220+CD19-CD1d+ cells in the spleen, brown 

adipose tissue, and white adipose tissue are shown in Figure12 E-G. The 

population of B220+CD19-CD1d+ cells in the spleen does not display any notable 

changes in response to αGalCer in both wild type and Jα18 KO mice (Figure 

12E). In contrast, in the brown adipose tissue (Figure 12F) and in the white 

adipose tissue (Figure 12G), there is a significant increase in the B220+CD19-

CD1d+ cell population in wild type mice following αGalCer. However in the 

adipose tissue of the iNKT-deficient Jα18 KO mice there is little to no change in 

this same population of B220+CD19-CD1d+ cells after αGalCer injection.  

 

Discussion 

 Furthering an understanding of the interactions between iNKT cells and B 

cells in adipose tissue is critical to the study of obesity, autoimmune diseases 

and cancers. We examined iNKT cell and B cell interactions in brown and white 

adipose tissue, using the better-characterized interactions of these cells in the 

spleen as a means of comparison. Within adipose tissue, iNKT cell activation, as 

measured by an increase in tissue-resident iNKT and IL-10+ iNKT cells, displays 

similar kinetics to iNKT cell activation in the spleen after αGalCer stimulation. 

However, we do not observe the same similarity in kinetics in B cell activation 

within adipose tissue and the spleen; while splenic B cells display iNKT-

dependent proliferation and increase IL-10 production four days after αGalCer 

stimulation, we observed no significant change in population size or IL-10 

production within adipose-resident B cells. Splenic B cells, have more potential to 
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directly interact with iNKT cells than adipose B cells, as they express higher 

levels of CD1d following αGalCer stimulation. Finally, we observed an iNKT-

dependent expansion of B220+CD19-CD1d+ cells specifically in adipose tissue 

and not in the spleen. Together, our data best support a model of innate 

(cognate) iNKT help in the spleen, and a model of adaptive (noncognate) iNKT 

help in adipose tissue, potentially via a B220+CD19-CD1d+ cell (Figure 13).  

 

 

 Determining the identity and functionality of the B220+CD19-CD1d+ cell 

population may be key in furthering our understanding of iNKT cell and B cell 

interactions in adipose tissue. This population of B220+CD19-CD1d+ cells are 

most likely not macrophages which display high granularity, and thus should 

have been excluded from the lymphocyte gate. It is possible these are dendritic 

Figure 13 | Possible adaptive pathway for adipose iNKT cells. The B220+CD19-CD1d+ cell 
population could potentially be dendritic cells, as shown in this diagram. iNKT cell production 
of IL-10 following αGalCer injection is clear, however the cells being acted upon by IL-10 is 
unknown. 
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cells, as they are antigen presenting cells which express CD1d and therefore are 

capable of interacting with iNKT cells. Dendritic cells have varying subsets, many 

of which have not been well described. Two dendritic cell populations previously 

described in mice, CD11chighB220neg and CD11clowB220+, were both found to 

directly effect T cell populations (Bertola et al., 2012). Liver dendritic cells, which 

also were found to exhibit direct effects on the liver T cell population, have been 

described as B220+CD19- (Lu et al., 2001). Bertola et al. (2012) described white 

adipose tissue dendritic cells as CD11chighB220neg however, and reported finding 

no B220+ dendritic cells. It is possible that αGalCer expands or recruits a novel, 

tissue-resident B220+ subset of dendritic cells in brown and white adipose tissue, 

which is not found without αGalCer stimulation.  

 Our data suggests that within brown and white adipose tissue the primary 

pathway of interaction for adipose iNKT cells is the adaptive (or noncognate) 

pathway (Figure 13). Our findings show that the expansion of B220+CD19-CD1d+ 

cells in adipose tissue is iNKT-dependent. This is consistent with an adaptive 

model for iNKT cell help to B cells. In the adaptive pathway for iNKT cell help to 

B cells, iNKT cells first activate dendritic cells, the dendritic cells activate CD4+ T 

cells, and the CD4+ T cells go on to activate B cells. In an adaptive pathway, the 

iNKT cells indirectly activate the B cells, and therefore it's likely that the kinetics 

for adaptive help differ from the kinetics for innate iNKT help. Thus future studies 

should focus on the kinetics of iNKT and B cell interactions in adipose tissue 

assuming an adaptive model, and examine later time points.  
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 We also observed slight differences between the two varieties of adipose 

tissue tested. The brown adipose tissue had a larger increase in the B220+CD19-

CD1d+ population following αGalCer injection, and more iNKT cells after 

αGalCer, but smaller numbers of CD1d+ B cells than the white adipose tissue 

(Figure 8, Figure 9 & Figure 12). As the white adipose tissue had a larger 

population of CD1d+ B cells, it is possible that iNKT cells in white adipose are 

providing some innate help for B cells. This difference in lymphocytes could 

perhaps be due to the different biological functions of the two adipose tissues as 

white adipose tissue serves as an energy store and brown adipose tissue is 

thermoregulatory. Given the small number of samples, it will be critical to 

examine these differences in more detail.   

 The limitations of these experiments were primarily that of size. The 

largest mice test group was three, and the smallest was two. In order to confirm 

the findings here with greater accuracy, experiments with more mice should be 

conducted. Additionally, without the specific markers for dendritic cells or 

macrophages it is impossible to identify the B220+CD19-CD1d+ population of 

adipose cells. In order to examine the identity of these cells, markers for dendritic 

cells such as CD11c, and markers for macrophages such as F4/80 should be 

used. If the B220+CD19-CD1d+ adipose cells truly are dendritic cells it would be 

interesting to examine mice deficient in iNKT cells and then reintroduce iNKT 

cells to see if this B220+CD19-CD1d+ population can be rescued. Additionally, if 

the adipose tissue iNKT cells are providing adaptive help it would be beneficial to 

see if and when the adipose B cells are activated. If adaptive help from adipose 



 26 

iNKT cells is occurring, we would expect to see class-switched antibody 

production by adipose B cells. Adipose B cells could be isolated and the constant 

region of their heavy chain could be sequenced in order to see if antibody class-

switching had occurred. Another interesting future experiment would be to 

compare lean and obese mice in order to see what happens to the B220+CD19-

CD1d+ cells in an obese model.  

 Gaining a clearer understanding of the mechanisms behind the activation 

of adipose tissue resident lymphocytes such as B cells, iNKT cells and dendritic 

cells has crucial implications for obesity and diabetes. It has been shown that in 

adipose tissue, activation of IL-10 producing iNKT cells increases the number of 

anti-inflammatory M2 adipose macrophages (Li et al., 2012). However within 

obese adipose tissue iNKT cell populations significantly decrease (Lynch et al., 

2009). The loss of adipose iNKT cells results in an increase of pro-inflammatory 

M1 adipose macrophages (Lynch et al., 2014). These adipose M1 macrophages 

contribute to insulin insensitivity and resistance by reducing glucose uptake by 

adipocytes and modifying adipocyte functionality (Zhang et al., 2015). Thus a 

self-perpetuating pro-inflammatory cycle begins in obese adipose tissue. 

However, activation of iNKT cells in obese adipose tissue can result in production 

of anti-inflammatory signals, improved lipid storage, better insulin sensitivity and 

loss of weight (Lynch et al., 2012). Therefore study of the activation of adipose 

iNKT cells, dendritic cells and B cells could be applied to therapies and 

treatments for obesity, and preventative measures for diabetes. Our results 

suggest that iNKT cells in adipose tissue are providing adaptive help, which 
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involves additional layers of regulation, and thus delayed kinetics. However 

adaptive iNKT cell help does result in the creation of memory B cells and class-

switched antibody producing plasma cells. This would indicate that within both 

brown and white adipose tissue the adaptive help provided by adipose iNKT cells 

serves to combat antigen specific inflammation.   

   

Materials and Methods 

Mice 
 C57BL/6 mice, C57BL/6 Cxcr6 GFP/- mice, C57BL/6.VertX/Thy1.1 mice, 

C57BL/6.Jα18 KO mice and C57BL/6.4get/Kn2 Cre mice were all obtained from 

Jackson Laboratory. All mice strains were kept in pathogen free facilities at 

Trudeau Institute. αGalCer (0.5 μg) was administered intravenously in <0.01% 

DMSO/PBS. The C57BL/6.4get/Kn2 Cre mice were previously infected with 

Heligmosomoides polygyrus orally, and were used for eGFP compensation in the 

experiments using C57BL/6.VertX/Thy1.1 mice. 8-20 week old male mice were 

used in all experiments. All work with animals was approved by the Trudeau 

Institute's Institutional Animal Care and Use Committee.  

 
Reagents 
 The following reagents were used in these studies: Propidium Iodide (PI), 

anti-CD1d BV421, anti-CD19 APC, anti-IgM Pe-Cy7, anti-CD25 PE, anti-B220 

APC-Cy7, anti-FR4 PE, anti-PD1 Pe-Cy7, CD1d Tetramer PE (NIH Tetramer 

Core Facility), anti-TCRβ APC-Cy7, anti-NRP1 BV421, anti-CD11b FITC, 

Hoechst, FC receptor blocking antibody, anti-CD4 APC, anti-IgD FITC, and red 
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blood cell lysis buffer. With the exception of the CD1d Tetramer all reagents were 

obtained from eBiosciences, BioLegend or BD Biosciences.  

 
Confocal Images 
 Epididymal adipose (white adipose tissue), intra-scapular brown adipose 

and splenic tissue samples were harvested from the mice. The white adipose 

tissue was cut into three sections and placed in wells with 0.02% sodium azide 

and 5% normal mouse serum in phosphate buffered saline (PBS). Brown 

adipose tissue samples and spleens were embedded in an agarose gel and cut 

into thin slices with a Leica VT1200 Vibratome. These sections were then placed 

in PBS and mouse serum. CD1d Tetramer stain was added first to samples, then 

the rest of antibody cocktail was added.  Tissue samples were then placed on 

glass slides with Aqua Poly/Mount and a coverslip. Samples were visualized 

using a Leica TCS SP5 confocal microscope.  

 
Isolation of Immune Cells 

 Spleens were strained through metal strainer, washed with 2% bovine 

serum albumin (BSA) in PBS and red blood cells were lysed. Single-cell 

suspensions were then washed with PBS, centrifuged and resuspended in 5 ml 

2% BSA in PBS. Cells were then counted using Trypan Blue staining.  

Epididymal (white) adipose tissue and intra-scapular brown adipose tissue were 

harvested following PBS perfusion of the circulatory system via hepatic portal 

vein cut. Adipose tissue was then minced dry.  

 Collagenase IV and VIII were compared for efficiency and yield in the 

isolation of stromal vascular cells using flow cytometry data of B cell and iNKT 
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cell percentages, and Trypan blue cell count estimations. Collagenase IV solution 

with 5% fetal calf serum (FCS) yielded higher total cell counts and higher 

numbers of B cells and iNKT cells, and was thus used throughout for the rest of 

the trials. 

 Collagenase IV solution was used to rinse minced tissue into 50 ml conical 

tubes. Collagenase IV solution contained 0.2 mg/ml Collagenase IV in 20 ml 

RPM1+ 5% FCS per sample. Tubes containing minced solutions were then 

placed in a rotational shaker for 1 hour at 37C. Samples were then passed 

through 100 μm filter into new 50 ml conical tube. Samples were then centrifuged 

for 5 min at 4C. The supernatant containing adipocytes was aspirated off. The 

cell pellet from the brown adipose tissue was treated with red blood cell lysis 

buffer to remove red blood cell contamination. The cell pellet from the white 

adipose tissue was not treated with red blood cell lysis buffer to avoid losing 

cells. Samples were resuspended in single-cell suspensions. 

 

Flow Cytometry 

 Samples were treated with Fc receptor-blocking antibody, then stained 

with CD1d-Tetramer. Remaining antibody cocktail stains were added next. 

Samples were washed with PBS + 2% BSA. Propidium Iodide was then added to 

all samples to exclude dead cells. A three-laser BD FACSCanto II was used to 

analyze the samples and FlowJo software was used to interpret the data.  
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Data Analysis and Statistics 

 GraphPad Prism (version 6) and Microsoft Excel (version 14.4.1) were 

used to analyze and format the data sets, and calculate mean and standard 

deviation. Note that standard error was not calculated due to low sample size.  
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