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 INTRODUCTION 
 Vanilloid receptor 1 (VR1) is a transient receptor potential ion 

channel and is activated by various ligands such as Capsaicin 

(CP), protons, heat, and lipid metabolites. 1 – 3  It is highly 

expressed on sensory neurons of dorsal root and trigeminal 

ganglia and on cells of the immune system, including dendritic 

cells (DCs) and macrophages. 4 – 6  CP, a ligand for VR1, is the 

principal pungent component of red peppers. Chemically, it 

is a derivative of vanillyl amide, 8-methyl- N -vanillyl-6-non-

eamide. The engagement of VR1 on DCs by its ligand CP 

modulates their function by upregulating antigen-presenting 

and costimulatory molecules, in addition to initiating their 

migration to draining lymph nodes. 4  The robust adjuvantic-

ity of CP initiated the studies on its effect in tumor therapy 

and clearly demonstrated that intra-tumoral administration 

of CP leads to the regression of advanced pre-existing tumors, 

and such immunity is T-cell mediated and tumor-specific. 7,8  

Considering that CP exhibits powerful immune consequences 

and is a natural product widely ingested as a food additive, we 

investigated if CP is immuno-modulatory when administered 

by oral route. 

 The gut-associated lymphoid tissue is exposed to myriads 

of antigens daily and must discern between harmless food 

antigens and commensal microorganisms from pathogen-

derived antigen in the gastrointestinal tract. Antigen-pre-

senting cells (APCs), including DCs and macrophages, have 

an essential role in maintaining the balance between toler-

ance and protective immunity in the gut. 9  This balance is 

central to maintaining immune homeostasis. Mucosal DCs 

and macrophages have the ability to induce T-cell differentia-

tion (Th1, Th2, Th17). 10,11  Moreover, both these populations 

exhibit regulatory function and have been described to induce 

T-regulatory cells (Tregs) in the gut. 12,13  APCs resident in the 

lamina propia, Peyer ’ s patches, and mesenteric lymph nodes 

have direct access to intestinal bacteria, and antigens deliv-

ered by oral route are processed and presented by Peyer ’ s patch 

DCs. 14,15  Interestingly, studies have shown that intestinal con-

tents have significance in the pancreatic lymph nodes (PLNs). 
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Specifically, fed antigens are presented in the PLN along with 

pancreatic antigens and have consequences for autoimmune 

destruction of the pancreas. 16  In this manner the PLN is at the 

crux of the gastrointestinal tract and the pancreas, and can 

sample the environments of both, which has significance in 

type 1 diabetes (T1D). 17 – 19  

 T1D is one of the most prevalent autoimmune diseases world-

wide. It results from the destruction of the insulin-producing 

 � -cells of the pancreas. The disease is mediated by T cells and 

results from a poorly understood breakdown of immune toler-

ance to self-antigens. Our understanding of the pathogenesis 

and etiology of T1D is incomplete, but the non-obese diabetic 

(NOD) mouse model of T1D is a well-studied model that shares 

many pathological and immunological features of human T1D. 

Many studies have evaluated the oral administration of immune 

modulators in the treatment of T1D in NOD. 20,21  Oral therapies 

hold great promise in treatment of T1D. 

 Here we examined the immune-modulatory properties of CP 

when administered by oral route in two mouse models of T1D. 

The potent influence of CP on the immune system is clear; how-

ever, our understanding of the required mode of delivery and 

the mechanisms by which the sensory receptor VR1 modulates 

an immune response is incomplete, in particular the role of VR1 

expressing APCs in autoimmunity. Although engagement of 

VR1 has previously been shown to be proinflammatory, here we 

show the immunoregulatory influence of orally administered CP 

acting directly on the immune system in the context of T1D.   

 RESULTS  
 Oral administration of CP inhibits antigen-specific T cells 
in PLN 
 VR1 ligand CP is a widely ingested food additive and has pow-

erful immune consequences; therefore, we investigated the 

immuno-modulatory role of VR1 in the gut by orally adminis-

tering CP. To test this we used two different mouse models, i.e., 

NOD and rat insulin promoter (RIP)-ovalbumin (OVA). NOD 

mice spontaneously develop insulitis by destruction of pancreatic 

 � -cells similar to T1D in humans. Both CD4 and CD8 subsets of T 

cells are thought to be involved in the spontaneous development 

of insulitis and  � -cell destruction in the NOD mouse. Moreover, 

the pancreas-draining lymph node (PLN) is considered to be a 

part of the gut-associated lymphoid tissue and the gastrointestinal 

tract, providing a conduit for environmental agents to directly 

modify the immune response to pancreatic autoantigens. 16  Thus, 

we tested if orally administered CP has any consequence on  � -

cell antigen – specific T-cell proliferation in PLN. NOD mice were 

fed with vehicle or 10    � g of CP, and 24   h later received adoptive 

transfer of carboxyfluorescein succinimidyl ester (CFSE)-labeled 

BDC2.5 CD4     +      T cells. BDC2.5 T-cell antigen receptor (TCR) 

transgenic (Tg) cells are specific for a pancreatic islet antigen. 

The proliferation of adoptively transferred BDC2.5 T cells was 

assessed 4 days post-transfer and showed a significant decrease in 

the T-cell proliferation in mice fed with 10    � g of CP in comparison 

with the vehicle control fed mice ( Figure 1a ). 

 We further confirmed these results using CD8     +      T cells 

in an additional model with known pancreatic antigen, the 

RIP-OVA model. In RIP-OVA Tg mice, the model antigen OVA 

is expressed as a transgene under the control of the RIP and 

OVA is expressed as a self-antigen in the insulin-producing 

 � -cells in the islets of Langerhans. 22  Transfer of CFSE-labeled 

OT-I cells into RIP-OVA mice fed 24   h prior with 10    � g or 

25    � g of CP or vehicle yielded similar results. OT-I T-cell pro-

liferation was abrogated in mice that receive the 10    � g CP dose 

( Figure 1b , left and middle panel;  Supplementary Figure S1a 

and b  online). One possible explanation for the abrogation of 

proliferation is that the inhibitory dose of CP is toxic to T cells. 

To address this possibility, we compared the frequency of OT-I 

T cells in the PLN of C57BL / 6 mice that were fed 10    � g of CP, 

or vehicle, and found no difference in OT-I survival after feed-

ing ( Supplementary Figure S2  online). As expected based on 

the CFSE profiles, we also observed an increase in the naive 

population (CD44 low CD62L high ) of T cells ( Figure 1c ) and 

reduced expression of effector cytokines (interferon- �  and 

tumor necrosis factor- � ) in CP 10    � g fed mice ( Figure 1d  and 

 Supplementary Figure S1c  online). Therefore, these results 

indicate that orally administered CP can tolerize autoreactive 

CD4     +      and CD8     +      T cells in two distinct mice models, the NOD 

and RIP-OVA mice.   

 Inhibition of T-cell proliferation is localized to the gut 
 Considering that intestinal contents (antigens) are presented in 

the PLN, 16  we were interested if the abrogation of T-cell proli-

feration was specific to the PLN, a gut-associated lymph node, 

or if feeding CP results in systemic suppression. We took advan-

tage of one feature observed in RIP-OVA mice, where OVA is 

expressed in the proximal tubular cells of the kidney in addi-

tion to the pancreas. 22  As adoptively transferred OT-I cells will 

proliferate in the renal lymph nodes (RLNs), we harvested RLN 

from RIP-OVA that had been fed and transferred CFSE-labeled 

OT-I. The results in  Figure 1b  (right panel) and  Supplementary 

Figure S1a and b  online indicate no difference in the prolifera-

tion of OT-I in the RLN after feeding vehicle, CP 10    � g, or 25    � g, 

in stark contrast to the proliferation profile observed in the PLN, 

where T-cell suppression is observed after the 10    � g dose. These 

results indicate that the suppression of T-cell proliferation after 

CP feeding is not systemic but localized to gut-draining lymph 

nodes.   

 Oral administration of CP inhibits spontaneous diabetes in 
NOD mice 
 NOD mice develop insulitis spontaneously, starting at about 

5 weeks of age and clinical diabetes starting at 10 – 12 weeks 

of age. T1D is a result of destruction of the insulin-produc-

ing  � -cells in the pancreas by autoreactive T cells. In order to 

determine whether CP-mediated inhibition of autoreactive 

T-cell proli feration and function can influence onset of T1D in 

NOD mice, we fed these mice (5 mice per group) with different 

doses of CP (0.1, 1, 10, 25, or 50    � g) on the 9th and 10th week of 

age. Control mice were either left untreated or fed with vehicle. 

Overall, 80 %  of untreated mice were diabetic at 17 weeks of age, 

whereas 60 %  of the mice fed with vehicle were diabetic at 15 

weeks of age ( Figure 2a – c ). In contrast, 80 – 100 %  of mice fed 
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       Figure 1             Oral administration of Capsaicin (CP) attenuates antigen-specific T cells in the pancreatic lymph nodes (PLNs). ( a ) Representative 
fluorescence-activated cell sorting (FACS) analysis of prediabetic recipient non-obese diabetic (NOD) mice ( n     =    3 per group) fed with CP (10    � g) or 
vehicle (veh) control and 24   h later received adoptive transfer intravenous of CFSE-labeled NOD.BDC2.5 CD4     +     CD25     −      cells (diabetogenic T-cell clone). 
At 3 days post-adoptive transfer, the PLNs were harvested and CFSE dilution was analyzed by FACS. Graph indicates average  %  ( ± s.d.) of BDC2.5 
CD4     +      cells that diluted CFSE 3 days post-transfer, out of total transferred BDC2.5 cells. Data are representative of three independent experiments. 
( b  and  c ) Same experimental design as in panel  a , except recipient mice were rat insulin promoter (RIP)-ovalbumin (OVA) mice ( n     =    3 per group) that 
received CFSE-labeled CD45.1     +     CD8     +      OT-I cell adoptive transfer. Data are representative of three independent experiments. ( b ) Representative 
histograms of RIP-OVA PLN CFSE dilution ( n     =    3 – 4 per group; left panel). Graph indicates average  %  ( ± s.d.) of divided OT-I cells out of the total 
OT-I transferred population in the PLN (middle panel) and RLN (right panel). ( c ) Representative FACS analysis of CD62L and CD44 expression on 
CD45.1     +     CD8     +      OT-I, numbers in quadrants indicate percent cells in each (left panel). Graph indicates average  %  CD62   L     +     CD44     −      ( ± s.d.) of OT-I 
cells out of total OT-I transferred population in the PLN ( n     =    4 per group; right panel). ( d ) RIP-OVA-fed CP (10    � g) or vehicle control and 24   h later 
received transfer of CD45.1     +     CD8     +      OT-I and PLNs were harvested after 5 days and restimulated  in vitro  with PMA     +     I in the presence of BFA    for 4   h. 
Intracellular cytokine staining was performed for the cytokines indicated. Data are representative of two independent experiments.  *  P     =    0.05,  *  *  P     =    0.01. 
BFA, Brefeldin A; IFN, interferon; NS, nonsignificant; TNF, tumor necrosis factor.  
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with 10    � g CP remained disease free for 20 weeks. Lower doses 

of CP (i.e., 0.1    � g or 1    � g) and higher doses (i.e., 25    � g or 50    � g) 

did not show any protection ( Figure 2a – c ). Histological exami-

nation (representative of 14 different islets from four CP 10    � g 

fed mice) revealed a correlation between urine glucose levels and 

lymphocytic islet infiltration in the pancreas ( Figure 2d ). We 

next turned our attention to identify the cell population respon-

sible for the inhibition of autoreactive T-cell proliferation.   

 Effect of CP on T cells is not a result of Treg cell function 
 Treg cells have been defined as a subset of potent immune 

response regulators that express CD4, CD25, and Foxp3. Both 

quantitative and qualitative changes in Tregs have been impli-

cated as an important event in the development of T1D in 

NOD mice. We considered that one possible explanation for 

our observations is enhancement of Tregs, either as a numerical 

increase, or alternatively, as an enhancement of their suppres-

sive function. However, we found in our fluorescence-activated 

cell sorting (FACS) analysis of CD4     +     Foxp3     +      frequencies and 

total numbers in the PLN, pancreas, and spleen that there was 

no discernable difference in frequency or total numbers after 2 

weeks of feeding ( Supplementary Figure S3  online). We also 

utilized a common assay to test  ex vivo , the suppressive function 

of Tregs, purified from the PLN of mice that were treated  in vivo  

by feeding vehicle or doses of CP, and found no differences in 

their suppressive function ( Supplementary Figure S3  online). 

 Multiple subsets of Treg cells have been identified, includ-

ing cells with regulatory function that do not express Foxp3. 

In order to rule out the possibility that any T-cell population 

was conferring the suppression of T-cell proliferation, we uti-

lized an  in vitro  proliferation assay. Naive NOD mice were fed 

with CP or vehicle, and PLN of the fed mice were harvested 

after 2 days. PLN cells were irradiated and cocultured  in vitro  

with naive CD4     +     CD25     −      T cells (or T effectors) purified from 

untreated NOD (polyclonal T effectors;  Figure 3a , left panel) or 

BDC2.5 (antigen-specific T effectors;  Figure 3a , right panel) in 

the presence of soluble  � CD3 antibody. T-cell proliferation was 

assessed by [ 3 H]-thymidine incorporation. In accordance with 

our findings  in vivo , proliferation of T cells was also inhibited 

by PLN cells  in vitro  ( Figure 3a ). Similar inhibition of BDC2.5 

T effectors was observed when stimulated with BDC2.5 mime-

tope peptide (1040 – 31; 5    � g   ml     −    1 ) ( Supplementary Figure S4  

online). However, the inhibition was to a modest degree as com-

pared with our  in vivo  data. We reasoned this could be due to 
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    Figure 2             Oral administration of Capsaicin (CP) protects non-obese diabetic (NOD) mice from autoimmune diabetes. ( a ) Kinetics of development 
of glycosuria in female NOD mice that were untreated (UT) or fed (twice, at 9th and 10th week of age) titrated doses of CP (as indicated) or vehicle 
control (average of three independent experiments with five mice per group in each experiment,  n     =    15 per experimental group). Urine glucose was 
measured twice weekly using Diastix, as described in Methods. ( b ) Average  %  incidence ( ± s.d.) of diabetes in untreated, vehicle (veh)-fed, and CP 
(10    � g)-fed NOD mice, from three independent experiments ( n     =    15). ( c ) Graphical analysis of dose dependence of CP (from panel  a ) in mediating 
protection from diabetes in NOD mice after 20 weeks, based on three independent experiments with five mice per group in each experiment ( n     =    15). 
( d ) Pancreatic histology of NOD untreated and vehicle or CP fed (as indicated) at 20 weeks of age. Pancreata were stained with hematoxylin and 
eosin and analyzed at original magnification  × 200 (upper panel) and original magnification  × 400 (lower panel). Histology data are representative 
of 14 different islets from four CP 10    � g fed mice.  *  *  P     =    0.01.  
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stronger external signals to T cells from  � CD3 or exogenous 

peptide stimulation, or could be due to  in vivo  neuronal effects 

absent in an  in vitro  system. 

 To further test the role of Treg cells, we depleted PLN cells 

of all T cells (T-depleted PLN) using microbeads and tested 

their ability to induce proliferation of naive T effectors  in vitro . 

Depletion of T cells did not abrogate the suppressive ability 

of the PLN cells in CP 10    � g fed mice when compared with 

vehicle ( Figure 3b ). These data clearly indicates that suppressor 

T cells are not responsible for the abrogation of proliferation 

as T-depleted PLN cells still remain suppressive. In light of 

these results we turned our attention to another potent immuno-

logical subset, APC, which are known to express VR1.   

 Attenuation of T cells by CP is dependent on the APC 
compartment 
 APCs such as DCs, macrophages, and B cells are a key cell 

type of the immune system, linking innate, and adaptive 

immunity. They can either provoke or alleviate an autoim-

mune disease. 12,23 – 26  Phenotypic analysis of APC populations 

present in the PLN revealed several distinct populations. We 

used the markers CD11b and CD11c to identify three APC 

subsets that expressed high levels of these markers, CD11b hi , 

CD11b     +     CD11c     +     , and CD11c     +      ( Supplementary Figure S5  

online). FACS analysis with a panel of antibodies allowed 

for further characterization of these populations. The CD11b hi  

population expressed a low level of CD11c, an intermedi-

ate level of MHCII, and all highly expressed the macrophage 

marker F4 / 80 indicating that these cells are macrophages. The 

CD11b hi F4 / 80     +      macrophages did not express Gr-1 or CD40, but 

did express the costimulatory molecules CD80 and CD86 and 

the inhibitory molecule PD-L1. The CD11b     +     CD11c     +     -double 

positive population expressed a high level of CD11c and an inter-

mediate level of CD11b. These cells also expressed a high level 

of MHCII in addition to CD40, CD80, CD86, and PD-L1, but 

were negative for Gr-1. We define these cells as DCs. The final 

population we analyzed was a CD11c     +     CD11b     −      population. This 

population appeared to be heterogeneous in nature, as indicated 

by two distinct levels of MHCII. There was no expression of 

F4 / 80 on these cells, but analysis of all the other markers assayed 

revealed two distinct populations as the CD11c     +     CD11b     −      had 

both positive and negative cells. The CD11c     +     CD11b     −      popula-

tion was likely comprised of heterogeneous DCs of different 

maturation states, including immature DCs ( Supplementary 

Figure S5  online). 

 To assess their role in CP-mediated suppression, we depleted 

the CD11b     +      cells, an integrin expressed by APCs, both  in vitro  

and  in vivo . CD11b microbeads were used to deplete the CD11b     +      

cells  in vitro , from PLN of NOD mice that had been previously 

fed with CP 10    � g or vehicle ( Figure 3b ). Interestingly, the sup-

pressive effect of PLN cells from CP-fed mice was completely 

abolished after depletion of CD11b     +      cells. Further, when 
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           Figure 3             Attenuation of T-cell proliferation is dependent on CD11b     +     F4 / 80     +      macrophages. ( a ) Prediabetic non-obese diabetic (NOD) mice ( n     =    3) 
were with fed Capsaicin (CP; 10    � g) or vehicle (veh) control, and 2 days later pancreatic lymph nodes (PLNs) were harvested and cocultered (5 × 10 4 ) 
with CD4     +     CD25     −      (1 × 10 5 ) cells purified from naive untreated NOD (left panel) or naive untreated NOD.BDC2.5 (right panel) at the indicated ratios in 
the presence of soluble  � CD3 antibody (0.5    � g   ml     −    1 ) for 3 days. Graph indicates average c.p.m. ( ± s.d.), as measured by [ 3 H]-thymidine incorporation 
for the last  ~ 20   h of culture. Data are representative of at least three independent experiments. ( b ) Same experimental design as in panel  a  comparing 
whole PLN to T-depleted PLN, CD11b-depleted PLN, or CD11b-enriched PLN, respectively. T cells were depleted using CD90.2 microbeads and 
antigen-presenting cells were depleted using CD11b microbeads (Miltenyi). Data are representative of two independent experiments with three mice 
per group. ( c ) NOD or CD11b.DTR / NOD was injected with diphtheria toxin (DT) to ablate macrophages or phosphate-buffered saline (PBS) control as 
described in Methods. DT- or PBS-treated PLNs were used in proliferation assay as in panel  a . Fluorescence-activated cell sorting (FACS) plots (left 
panel) indicate the CD11b and CD11c expression in CD11b.DTR / NOD PLN treated with PBS or DT 48   h prior, as indicated. Numbers on FACS plots 
indicate the percent in each quadrant. Panel  d  indicates the average c.p.m. ( ± s.d.) of [ 3 H]-thymidine incorporation in the treated groups, as indicated 
(three mice per group). Data are representative of two independent experiments.  *  P     =    0.05,  *  *  P     =    0.01,  *  *  *  P     =    0.001. Te, treated; NS, nonsignificant.  
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CD11b-enriched PLN cells from vehicle and CP-fed mice 

were cocultured with T-effector cells, a massive inhibition 

of proliferation was observed ( Figure 3b ), thus demonstrating 

that CD11b     +      cells are responsible for CP-mediated T-cell sup-

pression. 

 As  in vitro  depletion of CD11b     +      cells depleted the 

CD11b     +     CD11c     +      DCs along with CD11b     +      / F480     +      macrophages, 

we took an additional approach. We depleted the CD11b hi F4 / 80     +      

cells  in vivo  using the CD11b.DTR / NOD mice. These mice when 

treated with 25   ng of diphtheria toxin preferentially eliminate 

CD11b hi F4 / 80     +      macrophages, but not the CD11b     +     CD11c     +      

DCs ( Figure 3c ). Pretreating the CD11b.DTR / NOD mice with 

diphtheria toxin 24   h prior to feeding completely abolished the 

suppressive effect of PLN cells from CP-fed mice ( Figure 3d ). 

These data confirmed that CD11b hi F4 / 80     +      macrophages are the 

suppressor cells in PLN of CP-fed mice.   

 Moderate but preferential increase in CD11b hi F4 / 80     +      
population after CP feeding 
 The APC population conferring the protective effect of CP was 

clearly CD11b hi F4 / 80     +      and so we examined the CD11b hi F4 / 80     +      

and CD11b     +     CD11c     +      populations further. We analyzed 

the frequencies of the CD11b hi F4 / 80     +      macrophages and 

CD11b     +     CD11c     +      DCs in NOD mice fed with CP (10 or 25    � g) 

or vehicle after 48   h. Comparison of the two APC frequencies 

in the PLN revealed that there was a two- to three-fold increase 

in the frequency of CD11b hi F4 / 80     +      population, but not in the 

CD11b     +     CD11c     +     , after feeding with CP 10    � g when compared 

with vehicle or CP 25    � g dose ( Figure 4a and b ). The composi-

tion of other leukocytes such as B cells and natural killer cells 

have been tested on days 2 – 7 in the PLN of NOD mice. We 

did not find any difference in B cells, natural killer cells, and 

CD11b     +      / CD11c     +      DC population, whereas a modest but signi-

ficant increase in CD11b hi  cells was observed starting 2 days 

post-feeding in the PLN. This increase is maintained for at least 

7 days, although it tapers off over time. This observed increase 

in macrophages is a general phenomenon and not restricted to 

the NOD strain, but was evident in other strains of mice such 

as BALB / c ( Figure 4c ), C57BL / 6 mice shown later ( Figure 5d ), 

and RIP-OVA mice ( Supplementary Figure S7  online) fed 

with different doses of CP or vehicle. In the RIP-OVA mice, we 

have noted a significant increase in CD11b hi  cells in the PLN 4 

days after feeding (3 days after OT-I transfer, as in  Figure 1b ). 

There was no difference in the frequency of CD11b hi  cells in 

the RLN. This finding was also reflected in the total numbers 

of CD11b hi F4 / 80     +      macrophages. Interestingly, the dose of CP 

at which the CD11b hi F4 / 80     +      cells peaked differed between 

strains; 5    � g of CP in BALB / c mice and 10    � g of CP in NOD and 

C57BL / 6. The reason for this presently remains unclear, but may 

be a consequence of differences in VR1 expression or affinity 

between the strains or other unspecified strain differences.   

 CD11b hi F4 / 80     +      macrophages from CP-fed mice have 
regulatory phenotype 
 The marked inhibition by CD11b-enriched PLN cells from 

CP-fed mice ( Figure 3b ) suggested qualitative differences in 

macrophage function in addition to their increase in frequency 

( Figure 4a – c ). Engagement of VR1 on DCs is known to mod-

ulate the expression of antigen-presenting and costimulatory 

molecules. 4  Thus, we determined whether the same holds true 

when CP is administered orally. We compared surface expres-

sion of MHCII, CD86, and PD-L1 on the APC populations 

in PLN of fed mice by flow cytometry. PD-L1, a coinhibitory 

molecule, was upregulated specifically in CD11b hi F4 / 80     +      mac-

rophages from CP-fed mice, but not MHCII or CD86 ( Figure 4d  

and  Supplementary Figure S6a, b  online). However, no dif-

ference was observed in the expression levels of these markers 

on the CD11b     +     CD11c     +      population. These data suggest that 

oral administration of CP alters the activation status of the 

macrophages. 

 In addition to providing inhibitory signals via their cell sur-

face markers, APCs can also secrete a myriad of cytokines that 

influence immunity. The levels of cytokines produced by these 

small populations of PLN cells were below the limit of detec-

tion by both ELISA and multiplex assays. Thus, we performed 

intracellular cytokine staining of the CD11b hi F4 / 80     +      and 

CD11b     +     CD11c     +      populations. In particular, we were interested 

in interleukin (IL)-10, an immune-suppressive cytokine with 

broad anti-inflammatory properties essential for maintaining 

immune homeostasis in the gut-associated lymphoid tissue. 27  

We observed that 4 days after CP administration there was a 

two-fold increase in IL-10 production in CD11b hi F4 / 80     +      mac-

rophages  ex vivo  without  in vitro  stimulation ( Figure 4e  and 

 Supplementary Figure S6c  online). In contrast, the percent-

age of cells producing IL-10 in the CD11b     +     CD11c     +      remained 

unaltered after feeding with vehicle, 10    � g or 25    � g of CP 

( Figure 4e ). Therefore, feeding with 10    � g of CP enhances 

a multifactorial regulatory phenotype in CD11b hi F4 / 80     +      

macrophages by upregulation of PD-L1 and IL-10 expression.   

 CP-mediated regulation of T cells is IL-10 dependent 
 The present studies have described an increase in IL-10-pro-

ducing macrophages in the PLN, and these macrophages are 

required for regulation of T-cell responses. Having established 

the essential role of macrophages, we next asked if their IL-10 

production directly contributes to T-cell suppression. PLN of 

NOD mice fed with CP 10    � g or vehicle were cocultured with 

naive T effectors in the presence of antibodies neutralizing 

IL-10 and IL-10 receptor in our  in vitro  T-cell proliferation 

assay. Neutralizing IL-10 completely reversed the suppressive 

effect of PLN cells from CP 10    � g fed mice compared with the 

isotype and vehicle controls ( Figure 4f ). This finding indicates 

that CP-mediated immunoregulation of T-cell proliferation is 

IL-10 dependent.   

 Inhibition of T-cell proliferation is dependent on the 
expression of VR1 
 To determine whether VR1 is required for CP-mediated sup-

pression of autoreactive T cells, we crossed RIP-OVA and 

VR1     −     /     −      mice to generate RIP-OVA / VR1     −     /     −      mice, a model of 

T1D that is devoid of functional VR1 but expresses OVA in the 

pancreas. We fed RIP-OVA and RIP-OVA / VR1     −     /     −      mice with 
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CP (10, 25    � g) and vehicle, and assayed for OT-1 proliferation 

 in vivo . In these mice, CP-mediated inhibition of OT-1 prolifera-

tion was completely abrogated at any dose tested, indicating that 

the inhibition of autoreactive T-cell proliferation is dependent 

on the expression of VR1 ( Figure 5a and b ). 

 We next questioned if enhancement in frequency of macro-

phage is VR1 dependent. In the absence of VR1     −     /     −      mice, the 

macrophage frequency in PLN cells failed to increase at any dose 

of CP tested, suggesting that engagement of VR1 enhances the 

frequency of macrophages in PLN ( Figure 5d ). 

 As frequency of CD11b hi F4 / 80     +      macrophages in PLN 

remained unchanged after feeding with CP in VR1     −     /     −      mice, 

we next tested if a regulatory effect of PLN cells is also abol-

ished in the absence of VR1. For this, we set up an  ex-vivo  anti-

gen – specific T-cell proliferation assay. OT-II CD4     +      T cells were 

cocultured with PLN cells from RIP-OVA or RIP-OVA / VR1     −     /     −      

mice fed with CP. After 3 days of culture, OT-II proliferation 

was assessed by [ 3 H]-thymidine incorporation. Proliferation 

of OT-II cells was significantly inhibited when stimulated with 

PLN cells from RIP-OVA mice. In contrast, no inhibition was 

evident when stimulated with PLN from RIP-OVA / VR1     −     /     −      

mice ( Figure 5e ). Together, these data indicate that CP-medi-

ated suppression of autoreactive T-cell proliferation requires 

VR1 expression.   

 VR1 expression is required on APCs 
 VR1 is expressed on sensory neurons and APCs. 4,28  VR1 

expressing sensory neurons have been reported to innervate 
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         Figure 4             CD11b hi  macrophages in pancreatic lymph nodes (PLNs) attain regulatory phenotype after oral administration of Capsaicin (CP). 
( a ) Representative fluorescence-activated cell sorting (FACS) plots of naive non-obese diabetic (NOD) fed vehicle (veh) or titrated doses of CP 
(as indicated), and 2 days later FACS analysis of PLN was performed for CD11b and CD11c expression. Numbers in quadrants indicate percent 
cells in each ( n     =    3). Data are representative of three independent experiments. ( b ) Identical experiment as in panel  a  comparing CD11b hi  frequency 
in naive NOD or ( c ) BALB / c after feeding vehicle or titrated doses of CP, as indicated ( n     =    4 – 5). Graph indicated average  %  ( ± s.d.) CD11b hi  in PLN. 
Data are representative of many independent experiments. ( d ) Prediabetic recipient NOD mice ( n     =    4 – 5) were fed CP (10    � g) or vehicle control, and 
2 days later FACS analysis of PLN was performed on CD11b hi F4 / 80     +      macrophages and CD11b     +     CD11c     +      dendritic cell (DC) for PD-L1 expression. 
Representative of three independent experiments. ( e ) Prediabetic NOD mice were fed CP (at doses indicated) or vehicle at 9 and 10 weeks of age. At 
11 weeks of age, PLN were harvested and intracellular cytokine staining was performed  ex vivo  on CD11b hi F4 / 80     +      macrophages and CD11b     +     CD11c     +      
DC for interleukin (IL)-10. Representative of three independent experiments. Graph indicates  %  ( ± s.d.) IL-10     +      of CD11b hi  M Ø  or CD11b     +     CD11c     +      DC 
population as indicated. ( f ) Prediabetic NOD mice ( n     =    3) were fed CP (10    � g) or vehicle control, and 2 days later PLN were harvested and cocultured 
(5 × 10 4 ) with CD4     +     CD25     −      (1 × 10 5 ) cells purified from naive NOD.BDC2.5 in the presence of soluble aCD3 (0.5    � g   ml -1 )     +     /     −      � IL-10 and  � IL-10R 
(1    � g   ml     −    1  each) or immunoglobin-G1 (IgG1) and IgG2b (1    � g   ml     −    1  each). Graph indicates average c.p.m. ( ± s.d.), as measured by [ 3 H]-thymidine 
incorporation for the last  ~ 20   h of culture. Data are representative of two independent experiments.  *  P     =    0.05,  *  *  P     =    0.01. NS, nonignificant; 
PBS, phosphate-buffered saline.  
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the gut. 29 – 32  VR1 stimulation is known to secrete neuropeptides 

like substance P (SP) or calcitonin gene-related peptide from 

sensory neurons, which can act as immune modulators. On the 

other hand, we have reported that DCs and macrophages express 

VR1, and engagement of VR1 on DCs has powerful immune 

consequences. 4,7  We have also tested by semiquantitative PCR 

that CD11b hi  macrophages isolated from PLN and mesenteric 

lymph node express VR1 transcript (data not shown). Thus 

potentially, orally delivered CP can interact with VR1 on sen-

sory neurons lining the gut, which in turn can influence the 

immune system. Alternatively, CP could be sensed directly by 

APCs in the gastrointestinal tract. Having established that VR1 

function is required for CP-mediated T-cell suppression, we 

next examined whether this immuno-modulatory effect is due 
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       Figure 5             Suppression of T-cell proliferation is dependent on expression of VR1. ( a  and  b ) rat insulin promoter (RIP)-ovalbumin (OVA) and RIP-
OVA / VR1     −     /     −      ( n     =    3 – 4 per group) were fed Capsaicin (CP; 10    � g or 25    � g) or vehicle (veh), and 24   h later received adoptive transfer of CFSE-labeled 
OT-I CD8     +      cells intravenous Four days post-transfer pancreatic lymph nodes (PLN) were harvested and analyzed by fluorescence-activated cell 
sorting (FACS) for CFSE dilution. Representative histograms of CFSE dilution (right panel) and average  %  ( ± s.d.) of divided OT-I T cells out of total the 
OT-I transferred population (left panel) of RIP-OVA recipients ( a ) and RIP-OVA / VR1     −     /     −      ( b ). Representative of at least two independent experiments. 
( c ) RIP-OVA / VR1     −     /     −      mice ( n     =    4 – 5 per group) were lethally irradiated and 24   h later received CD45.1 C57BL / 6 bone marrow (BM) as described in 
Methods. After reconstitution (6 weeks), RIP-OVA / VR1     −     /     −      BM chimeras were treated as in panel  a . Graph indicates average  %  ( ± s.d.) of divided 
OT-I cells out of the total OT-I transferred population. Representative of two independent experiments. ( d ) C57BL / 6 and VR1     −     /     −      were fed vehicle or 
titrated doses of CP (as indicated), and 2 days later PLN were harvested and FACS analysis was performed for CD11b and CD11c expression. Graph 
indicated average  %  ( ± s.d.) CD11b hi  in PLN. Data are representative of two independent experiments. ( e ) C57BL / 6 and VR1     −     /     −      mice were fed CP 
(10    � g) or vehicle ( n     =    3 per group), and 2 days later PLN were harvested, separated into single-cell suspension, irradiated, and cocultured  in vitro  at 
the indicated ratio with naive CD4     +     CD25     −      cells purified from OT-II T-cell antigen receptor transgenic mice and OVA peptide 323 – 339. Proliferation 
was measured as previously described. Representative of two independent experiments.  * ,  P     =    0.05,  *  *  * ,  P     =    0.001. NS, nonsignificant; VR1, vanilloid 
receptor 1.  
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to neuronal cells or immune cells or both. In order to tease 

out the mechanism we generated bone marrow (BM) chimeras. 

Lethally irradiated RIP-OVA / VR1     −     /     −      mice were reconstituted 

with wild-type CD45.1 BM from C57BL / 6 to generate chimeric 

mice that were VR1 sufficient in myeloid-derived cells and VR1 

deficient in sensory neurons. After 4 weeks post-BM transfer, 

the recipient mice had reached at least 90 %  CD45.1 chimer-

ism. The DRG neurons from these mice were found to be CP 

insensitive, confirming that immune cells were VR1     +     /     +      but 

neuronal cells were VR1     −     /     −     . We then tested the proliferation 

of OT-I cells in these mice after feeding. If inhibition of T-cell 

proliferation is observed to a significant extent in the VR1     +     /     +      �  

VR1     −     /     −      BM chimeras, we can conclude that CP is being sensed 

directly by the immune system through the VR1     +     /     +      myeloid 

compartment. As illustrated in  Figure 5c , the proliferation of 

OT-I cells in VR1     +     /     +      � VR1     −     /     −      chimeric mice was inhibited 

to a significant extent in the CP 10    � g fed group in comparison 

with vehicle. The inhibition was substantial but not as strong 

as observed in RIP-OVA mice ( Figures 5a and 1b ). We also 

did not observe inhibition in the CP 25    � g group as seen in 

RIP-OVA mice. This indicates that VR1-sufficient immune cells 

at 10    � g dose can suppress autoreactive T-cell activation inde-

pendent of sensory neurons. Engagement of VR1 on sensory 

neurons likely strengthens the suppressive effect, as inhibition 

of T-cell proliferation is not fully restored by VR1     +     /     +      � VR1     −     /     −      

BM chimerism.    

 DISCUSSION 
 Our observations here show how a commonly used nutritional 

factor, CP, can modulate gut-mediated immune tolerance and 

autoimmunity: (i) orally administered CP induces subtle changes 

in the immune parameters in PLN that leads to suppression of 

an ongoing immune response and prevention from autoimmune 

diabetes; (ii) this is a general phenomenon and not restricted to 

any particular system or strain of mice; (iii) the protective dose 

is restricted to 10    � g and higher doses, i.e., 25 or 50    � g, does not 

lead to any immune suppression; (iv) suppression is specifically 

mediated through CD11b hi F4 / 80     +      cells in the PLN; (v) suppres-

sion is IL-10 dependent; and (vi) the suppressive effect is derived 

from at least two distinct sources, one is the myeloid compart-

ment and the other is a non-myeloid compartment presumably 

the neuronal components. 

 We emphasize based on our observations that the suppres-

sive effect of CP is dependent on oral route, which specifically 

impinge on the gut lymph nodes. CP when administered by 

other routes, e.g., intra-dermal or subcutaneous did not show 

any immunosuppressive effect (data not shown). We were una-

ble to administer by intravenous route, as LD 50  of CP in mice is 

10 – 12    � g for intravenous injection. 

 The dose – response of CP is surprisingly narrow. We note 

repeatedly that this phenomenon is tightly dose-restricted. 

Lower doses of CP are probably below the threshold at which 

differences in immunological outcome can be measured. Higher 

doses of CP might be toxic and perturb the gastrointestinal 

milieu in an inflammatory manner. It is possible that at higher 

dose, CP can also be sensed by sensory neurons or even T cells, 

which may counteract the suppressive phenotype observed at 

the protective dose. 

 Our data clearly show that VR1 engagement is critical for 

enhancement of CD11b hi  / F480     +      macrophage frequency and 

their regulatory phenotype in the gut-draining PLN after feed-

ing with CP. These macrophages inhibit autoreactive CD4     +      

and CD8     +      T-cell proliferation and function. The suppressive 

effect of CP is only manifested in gut macrophages, specifically 

in PLN, but not in other peripheral lymph nodes. Although we 

have observed that CD11b hi  macrophages isolated from PLN 

and mesenteric lymph node express VR1 transcript, the possi-

bility that expression of VR1 is different in different macrophage 

populations need to be examined. Conversely, the possibility that 

gut environment might influence suppressive effects deserves 

experimental enquiry. On the basis of the recent reports 12,33 – 35  

we believe that gut-resident macrophages are profoundly aner-

gic and fail to produce inflammatory cytokines upon stimula-

tion and instead make IL-10. Our data are consistent with these 

reports. These macrophages are unique in their phenotype as 

compared with other lymph node macrophages and may con-

tribute to the maintenance of intestinal tolerance  in vivo . This 

uniqueness might be the effect of the gut microenvironment 

analogous to the effect of adipocytes on adipose tissue macro-

phages. 36 – 38  

 In contrast to previous findings 39  on autoimmune diabe-

tes, our data show that administration of CP did not impact 

the number or the function of Foxp3 expressing Treg cells in 

the draining PLN or in the pancreatic tissue, but could elicit a 

number of suppressor factors such as IL-10 and PD-L1 in a dis-

creet population of CD11b hi F4 / 80     +      macrophages found in the 

same lymph node. The enhancement of macrophage frequency 

and difference in their phenotypic markers ( Figure 4 ) were 

undoubtedly modest, but sufficient to significantly suppress 

an ongoing immune response. Interestingly, depletion of these 

macrophages  in vivo  in CD11b.DTR / NOD mice ( Figure 3d ) 

and  in vitro  by neutralizing secreted IL-10 by antibodies to IL-10 

and IL-10 receptor restored T-cell proliferation specifically in 

CP-treated mice. Thus our data indicate that phenotypic changes 

in macrophage population, specifically IL-10, are critical for 

T-cell tolerance in PLN. Further questions remain regarding 

the mechanism. Even though we did not detect any Foxp3 

Tregs  in vivo , we cannot exclude the possibility that FoxP3-

negative Treg cells can be induced by these macrophages. 

We have observed that after 14 days of CP feeding, CD4     +      

T cells in the spleen and PLN exhibit Tr-1-like suppressor T-cell 

pheno type, expressing IL-10, and can transfer protection from 

T1D in untreated NOD mice (E. Nevius and S. Basu, unpub-

lished observation). Mechanism of Tr-1 generation will help to 

elucidate how the subtle changes in macrophage population can 

lead to such marked inhibition of effector T-cell function and 

protection from T1D. 

 Histological examination of the islets from mice fed with 

CP reveal that most of the islets have no insulitis. But even in 

the infiltrated islets, the accumulation of inflammatory cells 

is restricted to the periphery. It is likely that the suppressor 

macro phages contribute to resolution of insulitis. Recent studies 
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suggest that innate immune cells and inflammatory mediators 

largely contribute to the induction, amplification, stabilization, 

and maintenance of insulitis. Complete resolution of insulitis 

is observed in many individuals who had initially developed 

mild insulitis, but do not show any histological signs of insulitis 

at a later stage. Resolution of inflammation is an active process 

involving proresolution mediators found in many tissues. 40 – 43  

Our observations altogether suggest that CP feeding at 9 weeks 

of age either inhibits maintenance of insulitis or actively par-

ticipate in resolution of insulitis. CP might possess dual anti-

inflammatory and proresolution activity that needs further 

investigation. 

 VR1 and pancreas have an intimate relation. VR1-expressing 

neurons innervate the pancreas. 44  According to Razavi  et al , 45  

ablation of VR1-expressing neurons in the pancreas can pro-

tect NOD mice from T1D. These authors have speculated that a 

fine balance between the neuropeptides and  � -cell stress in 

the pancreas determines disease outcome. In their system, CP 

treatment in neonates ablates entire sensory nerves and prob-

ably modulates the immune cells as well. Our data indicate 

the contrary. In VR1     −     /     −      mice we observed unimpeded T-cell 

activation after oral administration of CP, which clearly under-

lines the significance of VR1 engagement for T-cell tolerance 

and autoimmunity. We demonstrate that engagement of VR1 

on the immune cells is necessary and sufficient for attenuating 

effector T-cell function, but at the same time appreciate the fact 

that neuro-immune crosstalk via VR1 might strengthen this 

response. 

 Finally, CP is a widely used nutritional factor. A recent report 

by Kang  et al , 38  suggest that dietary CP can attenuate meta-

bolic dysregulation by suppressing adipose tissue inflammatory 

responses. Even though our present study does not focus on the 

nutritional aspects of CP, it clearly demonstrates the beneficial 

effects of CP on T-cell tolerance and autoimmunity. Our study 

substantiates the notion that nutritional factors can have pro-

found effects on immune response and leans to the idea that 

endogenous ligands of VR1 may be contributing to immune 

regulation in the gut. In conclusion, our study identifies a funda-

mental relation between nutrients and sensory neurons directly 

regulating gut-mediated immune response.   

 METHODS     
  Mouse strains   .   Six- to nine-week-old NOD / Lt, BALB / c, C57BL / 6, 
TRVP1     −     /     −     , RIP-OVA hi  NOD / CD11b DTR, and NOD.BDC2.5 TCR 
Tg mice were obtained from the Jackson Laboratory (Bar Harbor, ME). 
Six- to -8-week-old OT-II TCR Tg RAG     −     /     −      mice were obtained from 
Taconic (Germantown, NY). CD45.1     +     OT-I / RAG     −     /     −      expressing the 
CD45.1 congenic marker was a gift from Leo Lefrancois (University of 
Connecticut Health Center) and bred at the University of Connecticut 
Health Center (UCHC). All animals were housed in the Center for 
Laboratory Animal Care at UCHC. RIP-OVA hi  and TRPV1     −     /     −      strains 
were backcrossed for 8 – 10 generations to generate RIP-OVA / VR1     +     /     +      
strain and housed at UCHC. All experiments were conducted under the 
guidelines approved by UCHC Animal Care Committee.   

  Antibodies and flow cytometry   .   Fluorescently labeled antibodies 
were purchased from Biolegend (San Diego, CA), BD (San Jose, CA), 
or eBioscience (San Diego, CA). FACS samples were analyzed on 

BD LSRII or BD FACSCalibur instruments (Becton Dickinson, 
San Jose, CA), and data were examined using Flowjo Version 8.8.6 
(Tree Star, Ashland, OR).   

  Procedure for oral administration of CP and diabetes assessment   . 
  Mice were anesthetized with ketamine (2.0   mg   kg     −    1 ) and xylazine 
(0.1   mg   kg     −    1 ). Vehicle control or CP doses were gavaged 100    � l volume 
using an 18-gauge feeding needle (Popper  &  Sons, New Hyde Park, NY). 
Diabetes was measured by monitoring urine glucose using Diastix rea-
gent stips (Bayer, Elkhart, IN). Mice were considered diabetic after two 
consecutive readings of >2,000   mg   dl     −    1  of urine glucose.   

   In vitro  T-cell assays and culture   .   Primary lymphocyte cultures were 
maintained in RPMI 1640 medium supplemented with 5 %  fetal bovine 
serum, 2   m M L -gluatamine, 1   m M  non-essential amino acids, 1   m M  
sodium pyruvate, 50   units   ml     −    1  penicillin / streptomycin, and 50    �  M  
 � -mercaptoethanol, all purchased from Gibco / Invitrogen (Carlsbad, CA). 
For  in vitro  T-cell proliferation assays, prediabetic NOD mice were fed 
CP (10    � g) or vehicle control, and 2 days later PLN were harvested and 
cocultured with CD4     +     CD25     −      cells purified from naive untreated NOD 
or NOD.BDC2.5 at the indicated ratios in the presence of soluble  � CD3 
Ab (0.5 – 1    � g   ml     −    1 ). T cells were depleted using CD90.2 microbeads and 
APCs were depleted using CD11b microbeads (Miltenyi Biotech, Auburn, 
CA). Proliferation was measured over the last  ~ 20   h of a 3-day culture 
by [ 3 H]-thymidine incorporation (2    � Ci per well) and is represented as 
c.p.m. In some cases, proliferation was measured in cultures of PLN from 
RIP-OVA or RIP-OVA / VR1     −     /     −      mice with OT-II / Rag     −     /     −      T effectors.   

  Adoptive transfer experiments   .   CD8     +      OT-I or CD4     +      BDC2.5 were 
isolated from CD45     +      OT-I TCR Tg RAG     −     /     −      or NOD.BDC2.5 TCR 
Tg mice, respectively. Spleens and LN were harvested from donor mice 
and enriched for CD8     +      or CD4     +      cells using anti-CD8 or anti-CD4 
microbeads (Miltenyi Biotech) according to the manufacturer ’ s instruc-
tions. Adoptive transfer recipients (RIP-OVA or NOD) were fed vehicle or 
titrated doses of CP, and 24   h later received between 0.5 × 10 6  and 1.0 × 10 6  
CFSE (Molecular Probes)-labeled TCR Tg T cells from the appropri-
ate strain of mice (OT-I or BDC2.5) via retro-orbital injection. Three to 
four days post-adoptive transfer, PLN were harvested and analyzed by 
FACS for dilution of CFSE and expression of activation markers. The 
adoptively transferred T cells were distinguished by staining with anti-
bodies to CD8, and congenic marker CD45.1 or in some cases with CD8 
and K b  pentamer associated with the OVA-derived peptide SIINFEKL 
(see  Supplementary Figure S2  online). In RIP-OVA mice, RLNs were 
also harvested to analyze CFSE dilution.   

  Intracellular cytokine staining   .   For T-cell intracellular cytokine stain-
ing, PLNs were harvested from NOD mice 4 days after feeding, separated 
into single-cell suspension, and cultured in complete RPMI medium and 
PMA (200   ng   ml     −    1 ) plus ionomycin (1    � g   ml     −    1 ; for T cells) in the pres-
ence of brefeldin A for 4   h and incubated at 37    � C. After incubation, cells 
were fixed with 1.5 %  formaldehyde and permeablized in 100 %  methanol. 
Staining was performed on fixed / permeabilized cells that were stained 
using fluorescent antibodies. For APC intracellular cytokine staining, 
PLNs were harvested from NOD mice 48   h after feeding, mechanically 
separated into single-cell suspension and immediately fixed, permeabi-
lized, and stained as described above.   

  Bone marrow chimeras   .   Six- to 8-week-old RIP-OVA / VR1     −     /     −      mice 
received  ~ 1,000   rads in a single dose of  � -irradiation. Twenty-four 
hours later via retro-orbital injection, irradiated hosts are adoptively 
transferred with 2 × 10 6  BM cells harvested from femurs and tibias of 
CD45.1     +     C57BL / 6 wild-type mice. After 4 weeks, BM chimeric mice were 
bled via tail bleed to check for BM reconstitution by FACS.   

  Histopathology   .   Pancreata were fixed in formalin, embedded in paraffin, 
sectioned, and stained with hematoxylin / eosin.   
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  Statistical analyses   .   Statistical comparisons were calculated 
by Student ’ s  t -test (unpaired, two-tailed) using GraphPad Prism 
Version 5.0 (GraphPad Software, La Jolla, CA). Significance was set at 
 P     <    0.05.        

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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