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Abstract

CD4+Foxp3+ regulatory T cells (Tregs) are key immune suppressors that regulate immunity in 

diverse tissues. The tissue and/or inflammatory signals that influence the magnitude of the Treg 

response remain unclear. To define signals that promote Treg accumulation we developed a simple 

system of skin inflammation using defined antigens and adjuvants that induce distinct cytokine 

milieus: OVA protein in CFA, Aluminum salts (Alum) and Schistosoma mansoni Eggs (Sm Egg). 

Polyclonal and antigen-specific Treg accumulation in the skin differed significantly between 

adjuvants. CFA and Alum led to robust Treg accumulation with over 50% of all skin CD4+ T cells 

being Foxp3+. In contrast, Tregs accumulated poorly in the Sm Egg inflamed skin. Surprisingly, 

we found no evidence of inflammation-specific changes to the Treg gene program between 

adjuvant-inflamed skin types suggesting a lack of selective recruitment or adaptation to the 

inflammatory milieu. Instead, Treg accumulation patterns were linked to differences in CD80/

CD86 expression by APC and the regulation of CD25 expression, specifically in the inflamed skin. 

Inflammatory cues alone, without cognate antigen, differentially supported CD25 upregulation 

(CFA and Alum > Sm Eggs). Only in inflammatory milieus that upregulated CD25 did the 

provision of antigen enhance local Treg proliferation. Reduced IL-33 in the Sm Egg inflamed 

environment was shown to contribute to the failure to upregulate CD25. Thus, the magnitude of 

the Treg response in inflamed tissues is controlled at two inter-dependent levels: inflammatory 

signals that support the upregulation of the important Treg survival factor, CD25, and antigen 

signals that drive local expansion.

1Corresponding Author: Dr. Deborah J. Fowell, David H. Smith Center for Vaccine Biology and Immunology, University of 
Rochester, 601 Elmwood Avenue, Box 609, Rochester, NY 14642, Tel. 585-273-3680, FAX. 585-273-2452, 
Deborah_Fowell@urmc.rochester.edu. 

HHS Public Access
Author manuscript
J Immunol. Author manuscript; available in PMC 2017 September 15.

Published in final edited form as:
J Immunol. 2016 September 15; 197(6): 2208–2218. doi:10.4049/jimmunol.1502575.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

CD4+ Forkhead boxP3 (Foxp3+) regulatory T cells (Tregs) are important immune sentinels 

that orchestrate the control of homeostatic and infectious immune activation. Studies have 

elegantly defined Treg differentiation, homeostasis, phenotype and suppressive function 

using Tregs within lymphoid tissues (1). However, recent observations suggest that there is a 

substantial degree of peripheral reshaping of Treg phenotype and function depending on the 

tissue location and inflammatory milieu (2–4). Tregs in distinct peripheral tissues express 

specific gene programs that appear to facilitate tailored local function (5, 6) while the type of 

inflammation can also drive Treg functional specialization (7–11). The relative contribution 

of location and inflammation to Treg dynamics in peripheral tissues remains unclear. 

Defining the factors controlling the accumulation, size and function of the Treg 

compartment in specific tissues will be important as strategies for therapeutic manipulation 

of Tregs advance.

Increases in Treg number are seen in a variety of infected and autoimmune tissues (12–17). 

Local Treg proliferation in non-lymphoid tissues has been observed (15, 18, 19) and can be 

linked in part to cognate antigen expression(13, 20). Co-stimulatory signals from CD28 and 

CTLA-4, important for Treg development and homeostasis (21, 22), also tune antigen-

induced Treg proliferation and function in the periphery (23–27). IL-2 provides a potent 

survival signal to Tregs (28–31) and has recently become a primary target for regulating 

Treg number in vivo (32–34). A deficiency in IL-2 within target tissues has been linked to 

the negative regulation of Tregs in autoimmune settings through downregulation of CD25 

expression (19). Less well understood are the positive signals that support CD25 expression 

by Tregs in peripheral tissues and promote local Treg accumulation. Recent studies suggest 

IL-33 may be an important factor in promoting Treg expansion in tissues via upregulation of 

local IL-2 (35, 36) and can be counter-regulated by IL-23 (37).

To study the signals that modulate Treg accumulation at sites of inflammation we focused 

our studies on the skin and assessed Treg accumulation to ovalbumin (OVA) immunization 

in the context of different types of induced inflammation, using distinct Th1 (Complete 

Freunds Adjuvant, CFA) or Th2-inducing (Aluminum Salts, Alum or Schistosome mansoni 
Eggs, Sm Egg) adjuvants. We demonstrate distinct variations in Treg accumulation in the 

skin between inflammatory milieus with robust accumulation of Tregs in CFA and Alum-

induced skin inflammation but not in Sm Egg inflamed skin. This was tissue specific, 

observed in the inflamed skin but not the draining lymph node (dLN), and cell type specific, 

seen for polyclonal and antigen-specific Tregs but not conventional CD4+ T cells (Tconv). 

The differences were not dependent on the primary effector cytokines in the skin, nor did 

they reflect the selection of particular milieu-specific Treg subsets. Rather, we found the 

distinct inflammatory milieus differentially regulated the expression of CD25 by Tregs in the 

skin, independent of antigen. CFA and Alum potently upregulated CD25 on Tregs while the 

Sm-Egg milieu failed to support CD25 upregulation. The upregulation of CD25 correlated 

with differences in extent of CD80/CD86 expression by APCs in the skin. However, CD25 

upregulation by the inflammatory milieu was not sufficient to drive local Treg proliferation, 

which required cognate antigen. Unexpectedly, the effect of antigen was only seen in 

inflammatory settings that supported CD25 upregulation in the absence of antigen, 
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suggesting that distinct inflammatory cues pre-condition Tregs for receptivity to antigen in 

inflamed tissues.

Materials and Methods

Mice

Female WT, DO11.10 TCR Tg+, Foxp3-GFP and Thy1.1 BALB/c mice were purchased 

from The Jackson Laboratory. 4get BALB/c mice were provided by R. Locksley (UCSF). 

All mouse experimentation was reviewed and approved by the University Committee for 

Animal Resources at the University of Rochester Medical Center.

Cell Purification

CD4+T cells were enriched from SPN and LN by complement lysis of cells bearing CD8 

(3.155), MHC class II (M5/114), and heat-stable Ag (J11D) as described(38) (ATCC). 

CD25+ and CD25− cells were enriched using MACS column (Miltenyi Biotech) and sorted 

(FACS Aria, BD) for KJ126+ Foxp3-GFP+ CD62L+ CD44− naïve Tregs and KJ126+ 

Foxp3GFP− CD62L+ CD44− naïve Tconv cells.

TCR Tg Cell Adoptive Transfer

3–3.5×105 naïve Thy1.1+ DO11.10+ Tregs and 3–3.5×105 naïve Thy1.1+/1.2+ DO11.10+ 

Tconv cells were injected i.v. together, or alone, into congenic Thy1.2+ WT BALB/c mice 

24 h prior to immunization. Day 7 post immunization, single cell suspensions from ear and 

LN were assessed by flow cytometry.

Immunizations

WT or 4get mice were immunized intradermally in the ear with OVA protein (20μg/ear) and 

the adjuvants CFA, Alum or Sm Eggs (750 eggs/ear). In some experiments, the contralateral 

ear was immunized with Keyhole Limpet Hemocyanin (KLH) protein (5μg per ear) and 

adjuvants. For the peptide pulse, mice were treated with 40μg OVA peptide i.v. in 200μL of 

PBS 6 h prior to harvest.

Flow Cytometry

Ears were treated for 30 m at 37°C with 1μg of activated Collagenase Dispase (Roche) and 

deactivated using EDTA. Single cell suspensions of skin and LN were stained with Abs from 

eBioscience unless otherwise stated: LiveDead Aqua (Lifetech), CD45 (BD clone 30-F11), 

CD4 (BD clone GK1.5), Thy1.1 (clone H1S51), Thy1.2 (BD clone 53-2.1), CD25 (clone 

PC61.5), CD127(clone A7R34), FcER1 (clone MAR-1), T1/ST2 (MBBiosystems clone 

DJ8), CD49b (clone DX5), Gr-1 (Biolegend clone RB6-8C5), CD11b (Biolegend clone 

M1/70) and Foxp3 (clone FJK-16S) using Foxp3 fix/perm reagents. For 5-bromo-2-

deoxyuridine (BrdU), mice received 1mg of BrdU i.p. in PBS 4 hours prior to harvest. Cells 

were stained with BrdU APC Staining kit (BD).
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Cytokine measurements

Whole ear homogenate or 1×106 LN cells were stimulated O/N with 2μM of OVA peptide in 

Elispot plates coated with Ab for IFNy or IL-4 as described (39). For cytokines in the ear, 

the ear was treated for 30 m at 37°C with Collagenase Dispase and homogenized in 500μL 

PBS. Ear homogenate supernatants were assayed for cytokines with the Milliplex MAP 

Mouse Cytokine/Chemokine Magnetic Bead Panel kit. For cytokine blockade, 1mg of anti-

IFNy Ab (XMG 1.2) or anti-IL-4 Ab (11B11) or PBS was given i.p. on d6, 7, 8, 9 post-

immunization and harvested on d10. For IL-23 cytokine blockade, 100μg of anti-IL23 p19 

(Biolegend, Clone MMp19B2) or IgG control was administered i.p. d4, d5, d6 post 

immunization and harvested d7.

Taqman Low density Array (TLDA)

cDNA from purified Tregs from ear and LN was isolated using Cells-To-CT kit (Ambion 

Life Technologies). Samples were pre-amplified using primer pools specific to custom 

TLDA’s (Supplementary Figure 1). Amplified samples were loaded onto TLDA cards and 

RT-PCR performed using 7900HT Fast Real-Time PCR System (Applied Biosystems) at the 

University of Rochester Genomics Center. HPRT and GAPDH were used as endogenous 

controls, and Treg samples from non-draining LN were used as the calibrator.

Anti-IL-23 blockade and IL-33 administration

Anti-IL-23 Ab (Biolegend) or control IgG was administered to immunized mice on days 4, 5 

and 6 post-immunization, 100μg/mouse i.p. (40). Recombinant IL-33 (Biolegend) or PBS 

was administered to immunized mice on days 4, 5 and 6 post-immunization, 2μg/mouse i.p. 

(41). Treg accumulation in the inflamed ear was assessed day 7 post-immunization.

Statistical Analysis

All statistical analysis was done in graphpad PRISM. Where indicated, Mann-Whitney, 

Wilcoxon matched pairs or Two-way ANOVA tests were performed for the data. *P< 0.05, 

**P< 0.005, ***P< 0.0005.

Results

Differential Treg accumulation in the skin with distinct adjuvant-induced inflammation

To study the effect of inflammation on Tregs accumulation in the skin, we used adjuvants 

previously reported to induce distinct Type 1 or 2 cytokine responses (42–46). Foxp3-GFP 

mice were immunized intradermally with OVA protein in PBS, CFA, Alum or with 

Schistosome mansoni Eggs (Sm Egg). Seven days post-immunization, cells in the skin and 

draining lymph nodes (dLN) were assayed for CD4+ Tconv and CD4+ Foxp3+ Treg 

populations by flow cytometry. Inflammation led to significant increases in the number and 

frequency of Foxp3+ Tregs in the skin, representing more than half of all CD4+ T cells 

under certain inflammatory conditions (Fig. 1A–C). The Treg magnitude differed with the 

adjuvant: CFA and Alum driving strong Treg numbers and Sm Egg-induced inflammation 

supporting significantly lower Treg numbers (Fig. 1A, 1B). Treg frequencies were 

consistently elevated in the inflamed tissues compared to their respective dLNs (Fig 1C). 
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Indeed, adjuvant-induced changes in Treg frequency were not seen in the dLN (Fig. 1C), 

consistent with the local cutaneous milieu modulating Treg accumulation. Adjuvant effects 

on T cell accumulation in the skin appear to be Treg-specific because the number of Tconv 

cells were not compromised in the Sm Egg-inflamed conditions (Fig. 1D).

To determine if this accumulation pattern was seen with antigen-specific Tregs, we 

transferred naïve OVA-specific Foxp3-GFP DO11.10 Tregs (CD4+CD62L+CD44− Foxp3+) 

and Tconv cells (CD4+CD62L+CD44− Foxp3−) into WT hosts 24 h prior to immunization. 

DO11.10+ Tregs accumulated to high numbers in the CFA and Alum-inflamed skin, with a 

lower number in Sm Egg-inflamed skin (Fig. 2A, 2B), leading to a striking dominance of 

antigen-specific Tregs in the inflamed skin. The input ratio of Treg to Tconv cells (1:1) was 

maintained in the dLN and SPN but markedly elevated in the skin with CFA and Alum-

induced inflammation (Fig. 2C). As seen with the polyclonal response, the Sm Egg-induced 

inflammation failed to support DO11.10+ Treg accumulation in the skin (Fig 2A–C). Thus, 

Treg accumulation in the inflamed skin is robust and the magnitude of this response is 

inflammatory-context dependent.

The differences in accumulation of Tregs in the skin could come from the differential 

recruitment or survival of natural Tregs, differential loss of Foxp3 in natural Tregs and/or 

differential de novo generation of Foxp3+ induced-Tregs from Tconv precursors. To test 

these possibilities, we used sorted naïve DO11.10 T cell transfers from Foxp3-GFP reporter 

mice to determine inflammation-induced acquisition of Foxp3 expression by Tconv cells and 

the potential loss of Foxp3 by Tregs in the inflamed skin. In all inflammatory settings the 

Tregs largely remained Foxp3 positive and the Tconv cells largely remained Foxp3 negative 

(Fig 2D, Fig 2E). We found no evidence for greater loss of Foxp3 in the transferred Tregs in 

the Sm Egg-inflamed skin, where Treg numbers had been seen to be lower, nor a greater 

gain in Foxp3 expression by Tconv cells in CFA and Alum, where Treg numbers were 

higher (Fig 2D, 2E). The data are in support of the differential accumulation of natural Tregs 

rather than differential induction of Tregs from Tconv cells.

To assess the physiological consequence of the differences in Treg numbers in the skin, we 

determined the relative change in DO11.10 Foxp3− Tconv cell accumulation with and 

without co-transfer of DO11.10 Foxp3+ Tregs. Consistent with there being fewer Tregs in 

the Sm Egg-inflamed ear, suppression of the Tconv cell response in the ear was attenuated in 

the Sm Egg-inflamed ear (Fig 2F). Attempts to determine suppressive Treg function from 

the different milieus on a per cell basis using in vitro suppression assays were technically 

unsuccessful due to the low Treg numbers recovered from the inflamed ear, particularly the 

Sm-Egg inflamed tissue (Fig 2A).

Kinetics of adjuvant-induced differences in Treg accumulation in the skin

Kinetic analysis was performed to examine the stability of Treg accumulation post-

immunization. No significant differences between adjuvants were seen in polyclonal Treg 

skin accumulation early, d5 post-immunization, suggesting initial Treg seeding of the 

inflamed skin is independent of the type of inflammation (Fig. 3). In contrast, maintenance 

of elevated Tregs in the inflamed skin was highly context-dependent. CFA and Alum-

inflammation supported high frequencies of Tregs in the skin for at least 14 days (Fig. 3A, 
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3B), while the Sm Egg environment failed to enhance and/or maintain Tregs past d5 (Fig. 

3A, 3B). These changes resulted in sustained differences in the Treg:Tconv ratio in the skin 

(Fig. 3C) and prompted investigation into the signals that regulate Treg accumulation in the 

inflamed skin.

Effector cytokines and Treg accumulation

Effector cytokines have recently been shown to influence Treg homing and functional 

capacity (2, 47). Therefore, we characterized IFNγ and IL-4 effector cytokines and immune 

subsets present in our inflammatory models using IL-4-reporter mice, 4-get (48), d7 post-

immunization when distinct Treg numbers were evident (Fig. 3). The number of OVA-

specific cells producing IFNγ and IL-4 in the skin were determined by ELISPOT (Fig. 4A, 

4B). CFA induced a potent Type 1 inflammation, with the lowest IL-4 to IFNy ratio and the 

recruitment of distinct innate subsets dominated by neutrophils (Fig 4C). Alum-

inflammation had a greater frequency of IL-4-producing cells and more Type 2 innate 

subsets such as eosinophils, basophils and mast cells (Fig. 4A–C) (44). Consistent with its 

potent Type 2 adjuvant effects (45), Sm Egg inflammation was heavily skewed towards a 

Type 2 response with the highest IL-4:IFNγ ratio and greatest number of CD4+ IL-4-eGFP+ 

Th2 cells and Type 2 innate effectors eosinophils, basophils and mast cells (Fig. 4A–C). 

However, Ab blockade of IFNγ or IL-4 after the inflammation was established (d6-9 post-

immunization) did not change the pattern of Treg accumulation in the skin (data not shown). 

Therefore, IFNγ and IL-4 play no role in the maintenance of Tregs in the inflamed skin.

Cytokines can directly effect Treg numbers in the steady state and during microbial or 

autoimmune inflammation (49). To further characterize the inflammatory milieu, we assayed 

for cytokine and chemokine induction in the inflamed ear tissue (Fig. 4D, 4E). All inflamed 

environments upregulated cytokines in comparison to naïve, un-immunized, ear tissue, with 

similarities between the adjuvants in the availability of IL-12p70, GM-CSF, IL-3 and IL-10 

(Fig. 4D) and the chemokine CCL11 (Fig. 4E). CFA clearly induced a potent 

proinflammatory cytokine and chemokine response with strong upregulation of TNFα, IL-6, 

IL-1β (Fig. 4D) and all chemokines tested including CCL5, CXCL9 and CXCL10 (Fig. 4E). 

Alum and Sm Egg inflammation shared many similarities consistent with reduced IFNγ and 

enhanced IL-4 (Fig. 4D, 4E). The pattern of cytokine and chemokine expression in the Sm 

Egg inflamed tissue was either comparable to both CFA and Alum, or comparable to Alum 

but not CFA, despite differences in the accumulation of Tregs between Sm Egg and CFA/

Alum. Thus, we did not find a cytokine or chemokine pattern that was consistent with the 

differential Treg numbers in the inflamed dermis.

Gene Expression changes in Foxp3+ Tregs reflect changes in anatomical location but not 
changes between types of inflammation

Transcriptional studies have revealed site-specific Tregs profiles that point to tissue 

regulation of Treg homing and function (50, 51). To determine if Tregs from the skin display 

molecular characteristics that may support distinct tissue accumulation, we analyzed Treg 

gene expression from the inflamed skin (d7) using custom gene array micro-fluidics cards 

containing 186 inflammatory and Treg signature genes (Supplementary Fig. 1) (51, 52). 

Genes associated with Th1 or Th2-type inflammation (chemokine receptors, effector 
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molecules and CD4 transcription factors), previously associated with ‘inflammatory’ Tregs 

(4), were not significantly different between types of dermal inflammation (Fig. 5A–F), 

despite major differences in the local cytokine milieu (Fig. 4). Instead, Treg genes were 

significantly different by anatomical location, between the skin and LN (50). Chemokine 

receptors such as CXCR3, CCR5 and CCR4 were upregulated in all inflammatory 

conditions relative to the LN (Fig. 5A, 5B) and CCR7, important in tissue exit (53), was 

downregulated (Fig. 5B). Similarly, markers of Treg activation such as CTLA-4, granzyme 

B and IL-10 were all elevated in the skin, even in the Sm egg-induced inflammatory setting 

where the number of Tregs was significantly reduced (Fig. 5C, 5D). Indeed, for a number of 

activation markers (granzyme B, IL-10) there was a trend towards higher expression in the 

Tregs in the Sm Egg environment suggesting that the Tregs that make it to the Sm Egg 

inflamed skin retain functional capacity. Thus, differences in Treg accumulation in the skin 

appear not to be controlled by differential recruitment or activation of inflammation-specific 

Treg subsets.

Treg numbers correlate with skin-restricted changes in antigen presenting cell (APC) 
expression of CD80/CD86 and Treg expression of CD25

IL-2, IL-7 and IL-15 have all been shown to provide important survival signals to Tregs in 

tissues (54, 55), IL-2 levels were similar across all types of inflammation (Fig. 6A). IL-7 and 

IL-15 were also present in both the CFA and Sm Egg inflammation (Fig. 6A). Therefore, 

Treg numbers were low in the Sm Egg inflammation despite available IL-2, IL-7 and IL-15. 

In contrast, Treg numbers did correlate with the tissue expression of IL-23 and IL-33; a 

balance of these cytokines being important in regulating Treg number in the intestine (37). 

CFA had a low IL-23:IL-33 ratio, driven by high levels of IL-33 in the skin, which 

correlated with increased Treg accumulation (Fig 6A, 6B). In contrast, the Sm Egg-adjuvant 

induced limited amounts of IL-33 but high levels of IL-23 resulting in a high IL-23:IL-33 

ratio (Fig 6A, 6B) and correlating with poor Treg accumulation in the skin. However, 

following previously published protocols (40, 41), neither Ab blockade of IL-23, nor 

addition of recombinant IL-33 was sufficient to boost Treg numbers in the Sm Egg-induced 

inflamed dermis (Supplemental Figure 2).

Treg survival is also regulated at the level of CD28 signals (21, 26, 27). Therefore, we next 

looked at adjuvant-induced changes in APC in the skin and dLN. The number of MHC Class 

II+ cells (Fig. 7A) and MHC Class II expression levels (Fig. 7B) in the dLN were similar for 

all adjuvants. MHC Class II+ cell numbers were also similar in the skin for CFA and Sm 
Eggs (Fig. 7A) despite the marked differences in Treg accumulation. For each type of 

adjuvant, the MHC Class II+ cells in the skin also expressed both CD11c and CD11b (data 

not shown). To assess the potential for co-stimulation, we analyzed the expression of the 

CD28 ligands CD80 and CD86. We chose these particular molecules because of the link 

between CD28 signaling in the periphery and Treg survival (21, 26, 27). There was a 

striking difference in the level of CD80 and CD86 on the MHC Class II+ CD11c+ CD11b+ 

population in the different inflammatory milieus, with APCs in CFA and Alum expressing 

more CD80 and CD86 than APCs in Sm-Egg-induced inflammation (Fig. 7C, 7D). These 

differences were not seen in the respective dLNs (Fig 7C, 7D). Thus, skin-restricted changes 
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in expression of CD80 and CD86 by MHC Class II+ CD11c+ CD11b+ cells correlate with 

the changes in Treg accumulation (Fig. 1).

Consistent with a role for CD28 signals in the regulation of Treg expression of CD25 (27), 

Tregs displayed higher levels of CD25 in CFA and Alum inflamed skin and lower levels in 

Sm Egg inflamed skin (Fig 7E, 7F). In contrast, similar CD25 expression levels were seen 

on Tregs in the dLNs of all inflammatory conditions (Fig 7F, 7G), correlating with the 

similar CD80/CD86 expression in the LN (Fig 7D). Moreover, we observed a significant 

upregulation of CD25 expression in the CFA and Alum-inflamed skin compared to the dLN 

that was not observed with Sm Egg inflammation (Fig 7F). This is in contrast to 

autoimmune settings where inflamed non-lymphoid tissues fail to support high CD25 

expression (19). Interestingly, this phenomenon appears to be dependent on inflammatory 

cues, as Tregs in naïve skin expressed significantly less CD25 than those in the dLN (Fig 

7F) (56). Thus, the ability of Tregs to receive costimulatory signals to maintain CD25 

expression in the inflamed skin, and hence respond to IL-2 for survival, appears to be 

regulated by the type of inflammation and these signals are limited in the Sm Egg 

environment (19).

CD25 expression is enhanced by inflammation in the absence of cognate-ligand

In studies to address the role of antigen recognition in the accumulation of Tregs in the 

inflamed skin we observed an interesting level of control of CD25 expression independent of 

antigen. DO11.10 TCR Tg Tregs and Tconv cells were transferred into mice and immunized 

with non-cognate antigen KLH and the distinct adjuvants. CD25 levels on OVA-specific 

Tregs were significantly modulated by the type of local inflammation: CFA and Alum 

inducing high levels of CD25 expression on Tregs in the skin in the absence of cognate 

antigen (Fig 8A, 8B). Strikingly, the inflamed Sm Egg environment failed to support CD25 

upregulation in the skin (Fig. 8A, 8B). This suggests that specific inflammatory millieus can 

modulate Treg CD25 expression levels locally in the tissue, independent of antigen 

recognition/TCR signaling. In contrast, while IL-33R (ST2) expression by Tregs was also 

upregulated in the inflamed tissue independent of cognate antigen, it was not differentially 

regulated by the distinct adjuvants (Fig. 8C), despite very different IL-23:IL-33 ratios (Fig 

6B). IL-23 has been postulated to regulate Treg numbers by inhibiting IL-33 responsiveness 

via downregulation of ST2 (37). In these studies we did not see a correlation between higher 

IL-23 and reduced ST2 expression. Thus, rather than IL-23 being a negative regulator of 

Treg accumulation in our studies, the change in IL-33 levels with the different adjuvants 

may control Treg accumulation indirectly via changes in paracrine IL-2 production by DC, 

as previously suggested (35, 36).

Antigen boosts Treg CD25 expression, if the inflammatory milieu is permissive

Cognate antigen boosted Treg expression of CD25 in CFA and Alum inflammation, but not 

in Sm Egg inflammation (Fig. 9A). In contrast, cognate antigen did not enhance the level of 

expression of ST2 by Tregs in any of inflammatory milieus (Fig. 9B), in fact, ST2 levels 

were moderately but significantly reduced in the presence of cognate-antigen in the Sm Egg 

milieu which may contribute to the reduced Treg accumulation. To directly test if antigen 

drives an increased level of CD25 expression in the inflamed skin we pulsed KLH-
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immunized the mice with OVA peptide (pOVA) 6 h prior to harvest on day 7. Indeed, 

increased levels of CD25 were observed on Tregs after the pOVA pulse in the KLH/CFA 

inflamed skin (Fig. 9C). However, CD25 expression was not significantly increased in Sm 
Egg inflammation with additional pOVA pulse, suggesting that even with an antigen supply 

the degree of CD25 expression is controlled in part by the inflammatory milieu (Fig 8) or by 

recognition of antigen in the context of CD28 costimulation (Fig 7). Moreover, Tregs appear 

specifically sensitive to the local skin inflammatory environment with respect to CD25 

expression levels, since Tconv cells upregulated CD25 expression similarly in all 

inflammatory settings (Fig 9D). Thus, CD25-inducing inflammatory cues may be a 

necessary pre-conditioning event for Treg antigen-receptivity in inflamed tissues. IL-33 is an 

interesting candidate for the regulation of CD25 expression on Tregs in inflamed tissues 

given its links to local induction of IL-2 (35, 36). Indeed, rIL-33 administration was 

sufficient to boost CD25 expression in the Sm Egg-induced inflamed dermis to levels seen 

with CFA-inflammation, but only in the context of cognate antigen (Fig 9E). Thus, IL-33 

alone is not sufficient to regulate CD25 expression in inflamed tissues (KLH group, Fig 9E) 

but can synergize with TCR signals to upregulate CD25 (OVA group, Fig 9E).

Antigen-driven Treg CD25 expression correlates with enhanced local proliferation

To determine the functional consequence of differential CD25 expression on Tregs in the 

inflamed skin, we assayed for in situ proliferation using an acute BrdU pulse 4h prior to 

harvest. Consistent with Treg accumulation patterns, DO11.10+ TCR Tg Tregs displayed 

robust BrdU-incorporation in CFA and Alum inflammation but limited BrdU staining in the 

Sm Egg skin (Fig. 10A–C). Treg proliferation appeared to be skin restricted, as Treg 

expansion in the dLN was not different between adjuvants (Fig. 10D). In contrast, TCR Tg 

Tconv cells in the skin displayed similar proliferation patterns in all types of inflammation 

(Fig. 10E), arguing against a major difference in antigen availability in the different adjuvant 

milieus. Our data suggest that inflammatory signals can modulate CD25 expression levels, 

but antigen is required for active Treg proliferation in the inflamed skin. Indeed, BrdU+ cells 

were enriched for higher levels of CD25 (Fig. 10F) suggesting the combination of distinct 

inflammatory cues and cognate antigen synergize to promote local Treg accumulation in the 

inflamed tissue.

Discussion

The data presented in this study highlight an important role for inflammatory signals in the 

promotion of extensive Treg accumulation locally in the skin. The inflamed 

microenvironment of the skin can support the upregulation of CD25 in the absence of 

cognate antigen and appears to facilitate antigen-dependent local Treg proliferation. Distinct 

inflammatory environments differentially impact the magnitude of the Treg response in this 

manor. CFA and Alum adjuvants enhance Treg CD25 expression and robustly support 

prolonged Treg accumulation in the inflamed skin. In contrast, Sm Egg-inflamed skin 

neither induces CD25 expression on Tregs nor promotes local Treg proliferation and 

accumulation. Moreover, Tregs appear to be distinctly regulated by the different adjuvant-

induced inflammatory milieus because the extent of Tconv cell accumulation was not 

impacted by the different adjuvants. This raises the possibility that the magnitude of Treg 
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accumulation in inflamed tissues may be therapeutically regulated independent of effects on 

Tconv cells.

How might Treg accumulation be enhanced by the inflammatory milieu? Our studies 

explored a number of possible control points. The different patterns of Treg accumulation 

did not correlate with particular inflammatory or growth factor cytokines that have been 

implicated in regulating Treg numbers nor did the predominant Tconv cytokines IFNγ and 

IL-4 play a role. We predicted that the different inflammatory milieus may select the 

recruitment or retention of distinct Treg subsets based on current models whereby the 

polarizing cytokines that drive Tconv cell differentiation also modify Treg homing and 

functional potential (2–4). However, we did not see differential functional specialization in 

the distinct cytokine milieus in the skin. Instead, the pattern of gene expression appeared 

anatomically restricted, with an overall increase in Treg effector molecules in the inflamed 

skin compared to LN. A lack of Treg functional skewing despite very different cytokine 

environments may be explained by our model being one of acute inflammation and suggests 

that population based Treg adaptation within tissues may require chronic exposure to distinct 

inflammatory signals.

Both CFA and Alum-induced inflammation supported the upregulation of CD25 by Tregs, 

independent of cognate antigen. These adjuvants trigger TLR and NLR-dependent innate 

immune activation (57) and promote distinct cytokine milieus (Fig. 4). Therefore the signals 

that regulate Treg CD25 expression in inflamed tissues appear to be induced broadly by 

disparate microbial and inflammatory signals. Nevertheless, the ability of the inflammatory 

milieu to support CD25 was selective; with CFA and Alum providing such signals but Sm 
Egg-induced inflammation lacking. Unexpectedly, the regulation of Treg CD25 expression 

by inflammation was independent of antigen (Fig. 8). Certain effector functions of 

conventional CD4 and CD8 T cells have been shown to be induced independent of antigen in 

response to inflammatory cytokines, such as those of the IL-1 family (58–60). Therefore, 

similar signals may also regulate Tregs independent of antigen, although IL-1β expression in 

the inflamed skin did not correlate with its ability to support CD25 (low in both Alum and 

Sm Egg despite the Alum environment supporting CD25 upregulation, Fig 4). More work 

will be needed to identify possible cytokines, or combination of cytokines, that may regulate 

CD25 expression by Tregs independent of antigen. Alternatively, differential availability of 

costimulatory signals may also promote CD25 expression independent of antigen, as 

discussed below. Interestingly, for CD8 cells, the inflammatory milieu was shown to 

enhance CD8 T cell sensitivity to antigen (61), a mechanism that may be consistent with our 

observations that in the absence of the appropriate inflammatory ‘conditioning’ cues 

(cytokine and/or costimulation) antigen is not sufficient to rescue Treg accumulation.

The global availability of IL-2 in the tissue is unlikely to be a major driver of the Treg CD25 

expression and accumulation in the skin as the adjuvanted milieus all resulted in similar IL-2 

tissue levels, although we cannot rule out distinct micro-anatomical differences in available 

IL-2. Instead, the upregulation of costimulatory ligands such as CD80 and CD86 may be a 

good mechanism for regulating Treg CD25 expression and/or accumulation in the tissue, 

given the important role of CD28 signaling in Treg peripheral homeostasis (18, 21, 26, 27). 

We found that the relative expression levels of CD80/CD86 on APCs in the inflamed skin 
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correlated with the magnitude of Treg accumulation. Strikingly, Sm-Egg-induced 

inflammation upregulated CD80/CD86 in the dLN but failed to support CD80/CD86 

expression levels in the inflamed skin. This pattern correlates with Sm-Egg-inflamed Treg 

expansion in the dLN, as previously described (62), and the relative inability of the local 

Sm-Egg microenvironment to support enhanced Treg numbers. Indeed, infection with the 

Schistosoma mansoni parasite itself has been shown to limit induction of CD28 ligands or 

upregulate negative regulators such as PD1-L on APC and this may account for the failure of 

the Sm-Egg-induced inflammatory milieu to support Treg accumulation (63, 64). In an 

autoimmune setting, such a B7-dependent mechanism may also underlie the marked 

downregulation of Treg CD25 in autoimmune tissues where chronic non-microbially 

induced inflammation may fail to support a perceived threshold level of CD28-ligands 

necessary for Treg CD25 upregulation and/or survival.

In our studies, cognate antigen played a major role in the further upregulation of CD25 and 

in local Treg proliferation, but the effects of antigen remained inflammatory context-

dependent. The simplest explanation for the poor Treg accumulation in the Sm-Egg-

inflamed skin would have been that the Sm-Egg-induced inflammation led to reduced 

antigen presentation and hence an inability to locally expand antigen-specific Tregs. 

However, antigen-specific Tconv cells robustly accumulated and proliferated locally in the 

Sm Egg-inflamed skin similar to both CFA and Alum, indicating that antigen was not 

overtly differentially limited by distinct adjuvants. We suggest that effector Tconv and Tregs 

may be differentially sensitive to cognate antigen at inflammatory sites or that they may be 

differentially dependent on costimulatory reinforcement (65). Such a difference in activation 

thresholds between Treg and Tconv cells could be explained by intrinsic differences in 

CTLA-4 expression: Tregs express elevated basal levels of CTLA-4 and Treg CTLA-4 is 

often upregulated in nonlymphoid tissues (Fig 5) (50). This model would enable efficient 

effector Tconv responses to proceed at the initiation of infection in the absence of strong 

antigen-specific Treg restraint. Antigen-dependent regulation in this manner may also 

explain the failure of Treg control as autoimmunity progresses. The more efficient the Tconv 

cells are at destroying cellular sources of antigen in the target tissue the more compromised, 

in local accumulation and/or expansion, the Treg response in the tissue may become. It is 

important to note that our studies have demonstrated an effect of the inflammatory milieu on 

the differential accumulation of Treg numbers in the skin but there may also be a differential 

effect of the inflammatory milieu on the intrinsic suppressive capacity of such Tregs in the 

skin. While our RNA analysis would suggest a number of the key Treg functional molecules 

are expressed at similar levels in the different settings (CTLA-4, Gzmb, IL-10; Fig 5) it will 

be interesting to ascertain if, independent of differences in Treg number, there are additional 

differences in the quality of their suppressive properties influenced by the inflammatory 

milieu.

There may be additional factors that balance the magnitude of Treg accumulation in the skin. 

Recent studies in the intestine suggest the balance between IL-23 and IL-33 signals may be 

critical in the control of local Treg numbers and function (37). IL-33 appears to promote 

Treg function and accumulation in inflamed tissues, possibly through promoting DC-

induced IL-2 production (35), while IL-23 restrains Treg responsiveness to IL-33 (37). 

Interestingly, the severe hepatic granulomatous inflammation against schistosome eggs is 
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critically dependent on egg-induced IL-23 expression (66, 67). We also see a significant 

increase in the IL-23: IL-33 ratio in the Sm-Egg milieu compared with CFA or Alum, 

consistent with the poor Treg accumulation in Sm-Egg-inflamed skin. Indeed, we found an 

interesting synergy between cognate antigen signals and IL-33 for the upregulation of CD25: 

rIL-33 boosted CD25 expression on Tregs in the Sm Egg-inflamed dermis if cognate antigen 

was present (Fig 9E). Thus, reduced IL-33 availability in the Sm Egg-inflamed skin may 

function to modulate Treg CD25 levels through its role in promoting paracrine IL-2 

production from DC (35). Clearly further investigation into this pathway, using genetic 

manipulation of key components, is warranted given the unchecked schistosome egg-

induced immunopathology (68).

We show that adjuvant-induced inflammation strongly supports Treg accumulation in the 

inflamed skin. Inflammation alone can upregulate Treg CD25 expression locally in the 

inflamed tissue and this appears to prime cells for additional antigen-dependent signals that 

drive local antigen-specific Treg expansion. The differences in the magnitude of Treg 

accumulation in the skin with distinct adjuvants was striking and may have important 

implications for the control of microbially induced immune pathology as well as the efficacy 

of vaccination (57). Successful vaccine strategies are currently evaluated based on the 

magnitude of systemic immune memory. However, given the growing importance of local 

resident tissue memory (69), the degree of local Treg accumulation induced by specific 

adjuvants may well modify the establishment of protective immunity.
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FIGURE 1. 
Distinct polyclonal Treg accumulation in the skin with different types of adjuvant-induced 

inflammation. (A) Representative FACS plots of CD4+ Foxp3+ Tregs cells in inflamed skin, 

d7 after immunization of BALB/c mice with OVA protein in CFA, Alum or Sm Egg. 

Numbers in quadrant are % of CD4+ T cells. (B) Number of Foxp3+CD4+ Tregs in the skin 

on d7. Each symbol represents an individual mouse. (C) Frequency of Foxp3+ Tregs within 

the CD4 compartment in dLN (LN) and skin as in (A). (D) Number of Foxp3− CD4+ Tconv 

cells in skin on d7. 4 independent experiments, 3–4 mice per group. Statistics by Mann-

Whitney.
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FIGURE 2. 
Antigen-specific Treg accumulation in different types of skin inflammation. Sorted Treg 

(Thy1.1) and Tconv (Thy1.1/1.2) DO11.10+ T cells were adoptively transferred to BALB/c 

mice (Thy1.2) (A) Number and (B) frequency of Thy1.1+ DO11.10+ Tregs in the CD4+ 

compartment in the skin on d7 after immunization with OVA/CFA, OVA/Alum, or OVA/Sm 
Eggs. (C) Ratio of transferred Tregs to Tconv in SPN, dLN and skin. Input ratio (1:1) 

marked with dotted line. 5 independent experiments, statistics by Mann-Whitney. (D, E) 

Sorted Foxp3-GFP+ Treg (Thy1.1) and Foxp3-GFP− Tconv (Thy1.1/1.2) DO11.10+ T cells 

were transferred into BALB/c mice (Thy1.2) and the frequency of Foxp3-GFP expression in 

Tregs (D) and Tconv (E) populations assessed in the skin d7 after immunization with OVA 

and distinct adjuvants. (F) Relative suppression of DO11.10+ Tconv cell accumulation in the 

inflamed ear with and without co-transfer of DO11.10+ Tregs (Tconv cell number with Treg 

co-transfer/Tconv cell number in absence of Treg co-transfer X 100). 2–3 independent 

experiments, statistics by Mann-Whitney.
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FIGURE 3. 
Differential Treg frequencies sustained over time. BALB/c mice were immunized with OVA/

CFA, OVA/Alum, or OVA/Sm Eggs and cells isolated from the inflamed skin on days 5, 7, 

10 and 14. (A) Foxp3+ frequency of CD4+ cells and (B) cell number of polyclonal Foxp3+ 

Tregs in the skin. (C) Ratio of polyclonal Treg:Tconv cell number in skin. Data is 

representative of two independent experiments with 3–4 mice per group. Statistics by Two-

Way ANOVA, p=<0.001 for adjuvant comparison, and bonferroni post test shown for Alum 

versus Sm Egg. Additional statistics: (A) *** CFA versus Sm Eggs d7, d10; (C) ** CFA 

versus Sm Eggs d7, d10.

Billroth-MacLurg et al. Page 19

J Immunol. Author manuscript; available in PMC 2017 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. 
Signature cytokines induced by the different adjuvants. (A) Number and (B) ratio of IFNy 

and IL-4 producers in skin d7 post-immunization by OVA-specific ELISPOT. (C) Frequency 

and number of CD45+ immune cell subsets from immunized IL-4-GFP reported mice, d7: 

CD4 T cell effectors CD4+GFP+ or GFP−; basophills/mast cells CD4−GFP+FcERI+DX5+; 

eosinophils CD4−GFP+Gr-1+CD11bhi; neutrophils CD4−GFP−GR-1hiCD11b+; monocytes 

CD4−GFP−GR-1intCD11b+; NK cells CD4−GFP−DX5+CD11b+. Combined results from 3 

independent experiments. Statistics by Two Way ANOVA: p= <0.001 for Interaction and p= 

<0.001 for cell type. (D) and (E) Cytokine and chemokine levels in skin homogenates from 

naïve skin (NV) or d7 OVA immunized skin with CFA, Alum or Sm eggs. Combined two 

independent experiments, 4 mice per group. Statistics by Mann Whitney.

Billroth-MacLurg et al. Page 20

J Immunol. Author manuscript; available in PMC 2017 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
Treg phenotype in the distinct inflammatory milieus. (A, C, D) Gene expression analysis by 

TLDA of Foxp3-GFP+CD4+7AAD- Tregs isolated from inflamed skin d7. LN calibrator 

and normalized to GAPDH. Genes clustered on log2 of 2−ΔΔCt (−ΔΔCT) using Euclidean 

distance and average linkage. Numbered groups represent Tregs isolated from individual 

experiments. (B, D, F) Relative gene expression of select genes. Statistics by Mann-Whitney 

* p=<0.05 for LN and at least one of the inflamed skin groups, 3–5 independent 

experiments.
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FIGURE 6. 
Inflammatory milieu and CD25 expression. (A) Cytokine levels in skin homogenates from 

naïve skin (NV) or d7 OVA immunized skin with PBS, CFA, Alum or Sm eggs. Combined 

two independent experiments, 4 mice per group. (B) Ratio of IL-23:IL-33 in the inflamed 

skin. (Statistics by Mann Whitney.
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FIGURE 7. 
Differential expression of CD80/CD86 by tissue APCs correlates with differential 

expression of CD25 by Tregs. Analysis of APCs in inflamed skin, d7 after immunization of 

BALB/c mice with OVA protein in CFA, Alum or Sm Egg. (A) Number of MHC Class II+ 

cells in the inflamed ear and dLN. (B) MHC Class II MFI. (C) Representative FACS profiles 

of CD80 and CD86 expression on MHC Class II+ CD11c+ CD11b+ T cells. (D) CD80 and 

CD86 MFI. (E) CD25 levels on polyclonal Foxp3+ Tregs in the skin d7 post-immunization. 

Grey filled histogram, FMO; solid line, CD25 expression; numbers, % of cells in CD25hi 

gate. (F) CD25 MFI of all Tregs from LN and skin. Statistics by Paired T Test between LN 

and skin; Mann Whitney between skin groups. (G) Representative histogram of CD25 levels 

on Foxp3+ Tregs in LN d7 post-immunization.
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FIGURE 8. 
Inflammation drives CD25 expression on skin Tregs. (A) CD25 expression on adoptively 

transferred DO11.10+ Tregs in the skin d7 post-immunization with KLH and CFA, Alum or 

Sm Egg. Grey filled histogram, FMO; solid line, CD25 expression; numbers, % of cells in 

CD25hi gate. (B) CD25 MFI on all DO11.10+ Tregs in skin and LN on d7. (C) ST2 MFI on 

DO11.10+ Tregs in the skin and LN on d7. Data from 2 independent experiments, 3–5 mice 

per group. Statistics by Paired T Test between LN and Skin, statistics between groups by 

Mann-Whitney.
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FIGURE 9. 
Cognate-antigen increases Treg accumulation and upregulation of CD25. (A) CD25 MFI 

and (B) ST2 MFI of all transferred DO11.10+ Tregs in the skin of mice immunized with 

cognate-Ag (OVA) or non-cognate Ag (KLH). KLH data from Figure 7. (C) CD25 

expression on DO11.10+ Tregs in KLH immunized mice with CFA or Sm egg adjuvants. 

Mice were pulsed with PBS (+PBS) or OVA peptide (+pOVA) i.v. 6 h prior to cell harvest. 

% of Treg cells in CD25hi gate. (D) DO11.10+ Tconv cells transferred alone, CD25 MFI of 

all Tconv cells in the skin d7 post-immunization. (E) rIL-33 (2μg/ml) was administered i.p. 

to CFA or Sm-Egg-inflamed (KLH or OVA) mice on days 4, 5 and 6 post-immunization and 

tissues analyzed on day 7. Expression levels for CD25 in the presence or absence of rIL-33 

and non-cognate Ag (KLH) or cognate Ag (OVA). Data representative of 2–3 independent 

experiments. Statistics by T Test and Mann-Whitney.
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FIGURE 10. 
Inflammation-specific local Treg proliferation. (A) Representative plots of BrdU+ 

expression in DO11.10+ Tregs from the skin d7 post-immunization. (B) BrdU+ frequency 

and (C) number of transferred DO11.10+ Tregs in skin d7. (D) BrdU+ frequency of 

transferred DO11.10+ Tregs in dLN d7. (E) DO11.10 Tconv cells transferred alone, BrdU+ 

frequency of Tconv in skin on d7. A–E: data representative of 3–4 independent experiments, 

statistics by Mann Whitney. (F) CD25 MFI of BrdU+ and BrdU− DO11.10+ Tregs in the 

skin d7. Data representative of 2–3 independent experiments, statistics by Paired T-Test 

(BrdU+, BrdU−).

Billroth-MacLurg et al. Page 26

J Immunol. Author manuscript; available in PMC 2017 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Mice
	Cell Purification
	TCR Tg Cell Adoptive Transfer
	Immunizations
	Flow Cytometry
	Cytokine measurements
	Taqman Low density Array (TLDA)
	Anti-IL-23 blockade and IL-33 administration
	Statistical Analysis

	Results
	Differential Treg accumulation in the skin with distinct adjuvant-induced inflammation
	Kinetics of adjuvant-induced differences in Treg accumulation in the skin
	Effector cytokines and Treg accumulation
	Gene Expression changes in Foxp3+ Tregs reflect changes in anatomical location but not changes between types of inflammation
	Treg numbers correlate with skin-restricted changes in antigen presenting cell (APC) expression of CD80/CD86 and Treg expression of CD25
	CD25 expression is enhanced by inflammation in the absence of cognate-ligand
	Antigen boosts Treg CD25 expression, if the inflammatory milieu is permissive
	Antigen-driven Treg CD25 expression correlates with enhanced local proliferation

	Discussion
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	FIGURE 6
	FIGURE 7
	FIGURE 8
	FIGURE 9
	FIGURE 10

