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Summary

Regulatory T (Treg) cells are a suppressive CD4+ T-cell subset. We gener-

ated induced Treg (iTreg) cells and explored their therapeutic potential in

a murine model of rapidly progressive glomerulonephritis. Polyclonal

naive CD4+ T cells were cultured in vitro with interleukin-2 (IL-2), trans-

forming growth factor-b1, all-trans-retinoic acid and monoclonal antibod-

ies against interferon-c and IL-4, generating Foxp3+ iTreg cells. To

enhance their suppressive phenotype, iTreg cultures were modified with

the addition of a monoclonal antibody against IL-12p40 or by using

RORct–/– CD4+ T cells. Induced Treg cells were transferred into models

of delayed-type hypersensitivity and experimental glomerulonephritis. The

iTreg cells exhibited comparable surface receptor expression and in vitro

suppressive ability to natural Treg cells, but did not regulate antigen-spe-

cific delayed-type hypersensitivity or systemic inflammatory immune

responses, losing Foxp3 expression in vivo. In glomerulonephritis, trans-

ferred iTreg cells did not prevent renal injury or modulate systemic T

helper type 1 immune responses. Induced Treg cells cultured with anti-IL-

12p40 had an enhanced suppressive phenotype in vitro and regulated der-

mal delayed-type hypersensitivity in vivo, but were not protective against

renal injury, losing Foxp3 expression, especially in the transferred cells

recruited to the kidney. Use of RORct–/– CD4+ T cells or iTreg cells gen-

erated from sensitized CD4+ Foxp3– cells did not regulate renal or sys-

temic inflammatory responses in vivo. In conclusion, iTreg cells suppress

T-cell proliferation in vitro, but do not regulate experimental glomeru-

lonephritis, being unstable in this inflammatory milieu in vivo.
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Introduction

Most forms of rapidly progressive glomerulonephritis

(RPGN) are mediated by abnormal adaptive immune

responses, where CD4+ T-cell subsets not only promote

pathological antibody deposition, but also act as cellular

effectors in the kidney. Regulatory T (Treg) cells, a sup-

pressive T-cell subset, could limit injury in these condi-

tions. Treg cells are reduced in number or function in

human diseases causing RPGN, such as systemic lupus

erythematosus1 and anti-neutrophil cytoplasmic antibody-

associated vasculitis,2–5 and play a role in restoring toler-

ance in anti-glomerular basement membrane (GBM) dis-

ease.6,7 Natural Treg cells are generated in the thymus

(referred to as nTreg or tTreg cells), express the transcrip-

tion factor Foxp3,8 and mediate central and peripheral

tolerance, preventing autoimmune effector T (Teff) cell

responses and regulating inflammation. Treg cells are also

generated in the periphery from naive CD4+ T

cells – known as induced Treg cells (iTreg) cells. Trans-

forming growth factor-b1 (TGF-b1) up-regulates Foxp3

expression in CD4+ T cells.9 All-trans-retinoic acid

(ATRA), a vitamin A derivative produced by dendritic

cells, is an important co-factor with TGF-b1 for the gen-

eration of Foxp3+ Treg cells from naive CD4+ T cells.10,11

It antagonises retoinic acid receptor-related orphan recep-

tor-ct (RORct) expression and interleukin-17A (IL-17A)

production in cultured CD4+ T cells and increases the

expression of suppressive surface receptors on human

nTreg cells, making them resistant to T helper type 1

(Th1) and Th17 conversion.11–14

In experimental RPGN, endogenous Treg cells limit

immunity and tissue injury,15,16 and nTreg transfer con-

strains disease.17 As nTreg cells comprise a small popula-

tion of all circulating CD4+ T cells, generating iTreg cells

in vitro allows the therapeutic potential of Treg cells to be

more easily investigated. We generated polyclonal iTreg

cells from naive CD4+ T cells using ATRA, TGF-b1 and

IL-2, and aimed to stabilize the Treg phenotype by sup-

plementing medium with anti-interferon-c (IFN-c), anti-
IL-4 and anti-IL-12p40 monoclonal antibodies (mAb).

Despite a regulatory phenotype in vitro, these cells did

not induce beneficial immunomodulation in vivo in mod-

els of delayed-type hypersensitivity (DTH) and RPGN,

losing Foxp3 expression, demonstrating an unstable phe-

notype in an inflammatory environment.

Materials and methods

Animals were housed in specific pathogen-free facilities at

Monash Medical Centre Animal Facility (Melbourne,

Australia). Foxp3-GFP and RORct–/– mice15,18 were bred-

in house. Ly5.1 congenic mice were from the Walter and

Eliza Hall Institute (Melbourne, Australia). Experiments

were performed according to the National Health and

Medical Research Council code for the care and use of

animals for scientific purposes and were approved by

Monash University Animal Ethics Committee B

(MMCB13/35). Male mice (aged 6–10 weeks) were used,

and killed at the completion of experiments or if showing

signs of lethargy, persistent recumbency, hunched pos-

ture, rough coat or loss of body condition. Data are pre-

sented as mean (� SEM), using Student’s t-test (two

groups) or analysis of variance (three or more groups).

Differences in survival were assessed with a log-rank test.

Significance was defined as P < 0�05.

In vitro culture and induction of iTreg, nTreg, Treg
and Teff cells from naive and sensitized mice

CD4+ T cells from spleens and lymph nodes of naive

Foxp3-GFP or RORct–/– mice were purified using L3T4

microbeads (Miltenyi Biotec Australia, Macquarie Park,

NSW, Australia). The iTreg cells were induced using

methods adapted from published protocols.19,20 Twenty-

four-well plates were coated with 1 ml anti-CD3 (BioX-

cell, West Lebanon, NH, 17A2; 10 lg/ml; overnight 4°C,
washed twice with PBS before use). CD4+ T cells

(0�5 9 106/well) were cultured in 1 ml of RPMI-complete

(RPMI with 10% fetal calf serum, 100 U/ml penicillin,

100 lg/ml streptomycin, 2 mM L-glutamine, 50 lM 2-

mercaptoethanol) with anti-CD28 (BioXcell, 37.51; 2 lg/
ml), ATRA (Sigma-Aldrich, Sydney, Australia; 1pmol/l),

recombinant human (rh) TGF-b1 (Biolegend, San Diego,

CA; 20 ng/ml), IL-2 (eBioscience, San Diego, CA;

7�29 ng/ml), anti-IFN-c (BioXcell, R4-6A2; 10 lg/ml) and

anti-IL-4 (11B11, in-house; 500 ng/ml). A neutralizing

anti-IL-12p40 mAb (C17.8; in-house; 20 lg/ml21) was

added to some cultures (iTreg cells +anti-IL-12p40). Cells
were incubated at 37°C with 5% CO2 for 3 days, then cell

supernatants were replaced with 1 ml of RPMI-complete

with IL-2. Cells were harvested on day 5. Cell super-

natants on day 5 were aspirated and stored at �80°C.
To obtain nTreg cells, isolated CD4+ cells from naive

Foxp3-GFP mice were sorted on GFP using a Mo-Flo

XDP cell sorter (> 97% cells CD4+ Foxp3+). To generate

Treg and iTreg cells from mice sensitized to the nephrito-

genic antigen, naive Foxp3-GFP mice were sensitized with

sheep globulin (SG) [0�5 mg in Freund’s complete adju-

vant (FCA)] subcutaneously to the tailbase and neck.

Spleens and lymph nodes were harvested 10 days later.

CD4+ T cells were isolated as above, and populations of

Foxp3– and Foxp3+ cells were obtained by cell sorting.

Treg cells were cultured from sensitized CD4+ Foxp3+

cells in anti-CD3 coated plates, with medium, IL-2 and

anti-CD28; iTreg cells +anti-IL-12p40 from sensitized

mice were generated from CD4+ Foxp3– cells as described

above; Teff cells were generated from sensitized

CD4+ Foxp3– cells in anti-CD3-coated plates, with med-

ium, IL-2, anti-CD28 and anti-IL-4. Cell supernatants
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were replaced with 1 ml of RPMI-complete with IL-2

after 3 days of culture. Cells were harvested on day 5.

Treg cell suppressive assay, cytokine production and
mRNA expression

T effector cells were naive CD4+ T cells from the spleens of

Ly5.1 mice, labeled with Cell Trace Violet (CTV) cell pro-

liferation kit (Life Technologies, Victoria, Australia;

10 lM). Co-cultures of Teff cells (1 9 105) with serial dilu-

tions of nTreg cells, iTreg cells or iTreg cells +anti-IL-
12p40 were stimulated with plate-bound anti-CD3 (10 lg/
ml), soluble anti-CD28 (0�4 lg/ml) and RPMI-complete

(72 hr, 37°C, 5% CO2), to compare suppression of Teff

proliferation by FACS.22 Supernatants from cultured iTreg

cells were assayed using a Mouse Th1/Th2/Th17 cytometric

bead array (BD Biosciences, North Ryde, NSW, Australia)

and DuoSet ELISA for mouse TGF-b1 (R&D Systems,

Minneapolis, USA). Messenger RNA was extracted from

1 9 106 cells (Qiagen RNeasy Mini kits, Victoria, Aus-

tralia), and cDNA was generated using an Applied Biosys-

tems (Foster City, CA) high-capacity cDNA reverse

transcription kit. RT-PCR was performed using Taqman or

Power SYBR Green mastermix and probes (sequences

available upon request; Life Technologies) in a Rotor-Gene

RG3000 RT thermal cycler (Corbett Life Science, Qiagen).

Assessment of immune responses to sheep globulin
immunization

Ly5.1 congenic mice were sensitized to SG (0�5 mg in

FCA) to the tailbase subcutaneously. Either iTreg cells or

medium (control) were injected into the tail vein on the

same day. After 9 days, 0�5 mg SG or horse globulin

(control) was injected into the right and left footpads,

respectively. On day 10, mice were killed and footpad

swelling was measured, assessing dermal DTH. EliSpot

assays for IFN-c (BD Biosciences) and IL-17A (eBio-

science) were performed using 1 or 2 9 106 splenocytes/

well (in duplicate), stimulated with SG.23 Spots were enu-

merated by EliSpot platereader (Autoimmun Diagnostika

GmbH, Strassberg, Germany). Serum mouse anti-sheep

IgG antibody levels were measured by ELISA.24

Experimental accelerated anti-GBM disease model and
adoptive transfer studies

‘Accelerated autologous phase anti-GBM GN’ as a model

of RPGN, was induced in mice sensitized subcutaneously

with 0�5 mg of SG/FCA to the tailbase at day �4, then

sheep anti-mouse GBM globulin (as a nephritogenic anti-

gen) was injected intravenously on day 0 (5 or 10 mg for

mild or severe RPGN, respectively). Experiments ended

on day 10. Adoptive transfer of iTreg cells was performed

in a model of severe RPGN; mice received 10 9 106 cells

iTreg cells, iTreg cells +anti-IL-12p40 or an equivalent

volume of medium on day �4 and day 0 (for experi-

ments with RORct–/– iTreg cells, cell doses were 10 9 106

and 1�25 9 106/mouse on day �4 and 0, respectively). In

the model of milder RPGN, 10 9 106 iTreg cells, iTreg

cells +anti-IL-12p40 (generated from naive or sensitized

mice), or medium were transferred on day �4 only.

Assessment of renal injury and renal leucocytes

Urine was collected from mice to assess proteinuria, by

Bradford’s assay, and urinary creatinine. Paraffin-

embedded Periodic acid Schiff 3-lm sections were

assessed for glomerular segmental necrosis and crescents

(≥ 40 glomeruli/mouse) and interstitial injury (10 high-

power fields [hpf] at 2009).15 Renal leucocyte accumula-

tion was assessed in periodate lysine paraformaldehyde

fixed 6-lm-thick sections (≥ 20 glomeruli and 10 intersti-

tial hpf/mouse).25 Interstitial macrophage accumulation

was graded based on the percentage of the interstitial hpf

containing macrophages (0, no macrophages; 1, 0–25%;

2, 25–50%; 3, 50–75%; or 4, 75–100%). Primary mAb

were: CD4+ T cells (anti-CD4, GK1.5), macrophages

(anti-CD68, FA/11), neutrophils (anti-Gr-1, RB6-8C5)

with isotype control mAb. Kidneys were digested with

1 ml Hanks’ buffered saline solution, 4 mg/ml collagenase

D and 100 lg/ml DNase I (30 min at 37°C), red blood

cells lysed and CD45+ cells isolated, using CD45 microbe-

ads (Miltenyi) and cell depletion columns.26

Flow cytometry

Cells were stained with mAb from eBioscience: CD45.1

(A20), CD45.2 (104), CD4 (RM4-5), inducible T-cell co-

stimulator (ICOS; 7E.17G9), glucocorticoid-induced

tumour necrosis factor receptor (GITR; DTA-1), IL-17A

(17B7); BD Biosciences: CD25 (PC61), CTLA-4 (CD152,

UC10-4F10-11), CD44 (IM7), CD69 (H1.2F3), IFN-c
(XMG1.2); and Biolegend: Helios (22F6), CD45 (30-F11)

and propidium iodide. Intracellular cytokine staining was

performed using an eBioscience Foxp3 fixation/permeabi-

lization kit for IL-17A and BD Biosciences Cytofix/Cytop-

erm for IFN-c. Cells were stimulated with 50 ng/ml PMA

and 1 lg/ml ionomycin (1 hr), then 10 lg/ml brefeldin A

(4 hr) before staining and fixation/permeabilization.

FACS was performed on a FACSCanto II instrument (BD

Biosciences). Data were assessed using FLOWJO software

(Treestar, Ashland, OR).

Results

iTreg phenotype following in vitro culture

Culture of naive CD4+ T cells in Treg polarizing condi-

tions (ATRA, TGF-b1, IL-2, anti-IFN-c and anti-IL-4
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mAb) induced Foxp3 expression in > 90% of CD4+ T

cells (referred to as ‘iTregs’; Fig. 1a). After 5 days of cul-

ture, iTreg cells produced IL-10, IFN-c and tumour

necrosis factor (TNF), with minimal IL-6 and IL-17A

production (Fig. 1b). The medium and cytokine mix was

supplemented with a neutralizing anti-IL-12p40 mAb, to

limit IL-12 and IL-23 signalling, required for IFN-c and

IL-17A production by the cultured cells (referred to as

‘iTregs+anti-IL-12p40’), resulting in reduced IFN-c, TNF
and IL-10 production, with comparable Foxp3 expression

to iTregs (Fig. 1a,b). The iTregs and iTregs+anti-IL-12p40
expressed surface markers consistent with Treg cells,

including GITR and ICOS,27–30 with low expression of

the nuclear transcription factor Helios, (denoting nTreg

cells31,32; Fig. 1c). The iTregs+anti-IL-12p40 produced

more TGF-b1 than iTregs (Fig. 1d). Both types of iTreg

cells suppressed Teff cell proliferation in vitro more effec-

tively than nTreg cells, with anti-IL-12p40 mAb induction

further improving the suppressive capacity of iTregs

(Fig. 1e,f).

Evaluation of chemokine receptor, surface marker and

transcription factor mRNA expression (Fig. 2a–m) found

that iTregs and iTregs+anti-IL-12p40 had reduced CCR5

and CCR6 expression (Fig. 2b,c), but increased CCR8

expression compared with nTreg cells (Fig. 2e). The

iTregs+anti-IL-12p40 had enhanced CD103 (Itgae)

expression (Fig. 2i). Both types of iTreg cells had similar

CTLA-4 expression to nTreg cells (Fig. 2j). Although

there was no difference in Tbet mRNA expression, iTregs

and iTregs+anti-IL-12p40 had less GATA3, but greater

Rorc mRNA expression (encoding RORct) than nTreg

cells (Fig. 2k–m).

Effect of iTregs and iTregs+anti-IL-12p40 in
modulating immune responses to SG in vivo

Different doses of iTregs or iTregs+anti-IL-12p40 were

transferred into CD45.1 (Ly5.1) congenic mice that were

then sensitized to SG, the nephritogenic antigen used in

the RPGN model. Dermal DTH responses were assessed

10 days later. At transfer, > 90% of the cultured iTreg

cells were Foxp3+ (data not shown). DTH responses were

not reduced in mice treated with iTregs (between

1 9 106 and 10 9 106 cells/mouse), but transfer of

10 9 106 iTregs+anti-IL-12p40 into mice suppressed der-

mal DTH (Fig. 3a, g).

Systemic Th1 responses (IFN-c) were increased in mice

receiving 10 9 106 iTregs, but reduced in mice given

10 9 106 iTregs+anti-IL-12p40 (Fig. 3b,h). Although sim-

ilar systemic Th17 responses (IL-17A) were seen between

controls and mice treated with iTregs, IL-17A was

reduced in mice receiving 10 9 106 iTregs+anti-IL-12p40
compared with lower doses (Fig. 3c,i). A population of

transferred cells (CD45.2+) could be identified in spleens

of recipient Ly5.1 mice, demonstrating successful transfer

and survival of the cultured cells. Compared with > 90%

Foxp3 expression by iTreg cells at transfer, Foxp3 expres-

sion was reduced (to ~49–56%) in the recovered iTregs

(Fig. 3d,e), suggesting that the regulatory phenotype of

these cells is unstable in vivo. Transferred iTregs+anti-IL-
12p40 were more stable, with ~83–93% being Foxp3+

(Fig. 3j,k). Humoral immunity, measured by serum

anti-SG IgG titres, was not altered in mice receiving

iTregs or iTregs+anti-IL-12p40 (Fig. 3f,l). Therefore,

iTreg cells cultured without anti-IL-12p40 were more

unstable and promoted Th1 responses in vivo whereas

mice receiving 10 9 106 iTregs+anti-IL-12p40 had

reduced cellular immunity and better maintained their

regulatory phenotype.

Transfer of iTreg cells in experimental RPGN

To determine if iTreg transfer would protect mice from

GN, mice were sensitized to SG and injected with

10 mg of anti-GBM globulin 4 days later.33 Then,

10 9 106 iTregs, iTregs+anti-IL-12p40 or medium (con-

trol) was transferred into mice on the days of sensitiza-

tion and anti-GBM globulin administration. The

experiment was terminated 8 days after anti-GBM glob-

ulin because the mice developed severe GN, with a ten-

dency for reduced survival in the medium-treated and

iTreg-treated groups (see Supplementary material,

Fig S1a; P = 0�08). In mice killed 8 days after anti-

GBM globulin, severe GN with widespread segmental

necrosis was observed (see Supplementary material,

Fig. S1b).

A lower dose (5 mg) of anti-GBM globulin was admin-

istered to sensitized mice, for milder injury, to allow bet-

ter assessment of the iTreg cells’ immunomodulatory

capacity. 10 9 106 iTregs, iTregs+anti-IL-12p40 or med-

ium were transferred into mice on the day of sensitiza-

tion. There were no differences in functional or

histological renal injury between groups (Fig. 4a–e).
While CD4+ T-cell and neutrophil recruitment to glomer-

uli were unchanged, glomerular macrophage infiltration

was increased in mice treated with iTregs+anti-IL-12p40
(Fig. 4f–h). Interstitial CD4+ T-cell, macrophage and neu-

trophil recruitment was similar between groups (Fig. 4i–
k). Systemic immune responses were increased in mice

receiving iTregs+anti-IL-12p40, with increased IFN-c pro-

duction and a trend towards greater IL-17A production

(Fig. 5a,b). Assessment of the transferred (CD45.2+) cells

recovered from the spleen showed that only 62% and

64% of the iTregs and iTregs+anti-IL-12p40, respectively,
remained Foxp3+ (Fig. 5c). A small population of

CD45.2+ cells were identified among renal CD4+ cells in

both groups receiving cells, but the proportion of

CD45.2+ cells that maintained Foxp3 expression was low

(Fig. 5d,e). Serum antigen-specific antibodies were

reduced in iTregs+anti-IL-12p40-treated mice compared
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Figure 1. In vitro cultured induced regulatory T cells (iTregs) and iTreg cells treated with anti-interleukin-12p40 (iTregs+IL-12p40) monoclonal

antibody have a regulatory T-cell phenotype. (a) Representative FACS plot showing CD4+ Foxp3+ expression on day 5 of in vitro culture for

iTregs and iTregs+anti-IL-12p40. (b) Assessment of supernatant at day 5 from cultured iTregs and iTregs+anti-IL-12p40 for expression of IL-4,

IL-6, IL-17A, tumour necrosis factor (TNF), interferon-c) (IFN-c) and IL-10 (cells harvested from different wells, n = 6 per group). (c) Represen-

tative histograms showing the expression of the surface markers CD25, GITR, ICOS and the nuclear transcription factor Helios, by iTregs and

iTregs+anti-IL-12p40, gated on CD4+ Foxp3+ cell populations, following 5 days of culture. Black line represents fluorescence minus one control,

red line represents iTregs, blue line represents iTregs+anti-IL-12p40. (d) Assessment of supernatant at day 5 from cultured iTregs and iTreg-

s+anti-IL-12p40 for expression of transforming growth factor-b1 (TGF-b1) (cells harvested from different wells, n = 6 per group). (e) Represen-

tative histograms from the Treg suppressive assay, demonstrating effector T cells (Teff) (labelled with CTV) proliferation following 72 hr of

in vitro co-culture with Treg cells. Teff : Treg ratio is displayed above each FACS plot. Co-cultures were plated in triplicate and Teff proliferation

was analysed by FACS. Black, red and blue lines indicate nTreg cells (sorted from naive Foxp3-GFP+ mice), cultured iTregs and iTregs+anti-IL-

12p40, respectively. (f) Percentage of suppression of Teff cell proliferation at varying Teff : Treg ratios. Results represent the mean of co-cultures

performed in triplicate, on two separate occasions. *P < 0�05, **P < 0�01, ****P < 0�0001. CTV, Cell Trace Violet; NS, not significant.
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with medium treated mice at a serum dilution of 1 : 400

(Fig. 5f). Therefore, iTregs, induced with or without anti-

IL-12p40, do not protect against the development of

RPGN, but enhance systemic Th1 immunity and on

migration to the kidney lose Foxp3 expression and regu-

latory phenotype.

A suppressive iTreg cell phenotype could not be
promoted through the inhibition of RORct expression

Recent reports have suggested that Treg cells are a

heterogeneous population, with some Treg cells acquir-

ing a Th1 and Th17 phenotype.34–37 To explore whether

deleting RORct stabilized their phenotype, iTreg cells

were generated from naive CD4+ RORct–/– T cells. After

5 days of culture, RORct–/– iTreg cells had comparable

Foxp3 expression to iTreg cells (data not shown), and

produced significantly less IL-17A, TNF and TGF-b1,
comparable IFN-c and increased IL-10 (see Supplemen-

tary material, Fig. S2a,b). However, transfer of RORct–/–

iTreg cells into mice subjected to experimental RPGN

did not limit renal injury (see Supplementary material,

Fig. S2c–e).

iTreg and iTreg+anti-IL-12p40 phenotype changes
upon transfer into sensitized mice

We hypothesized that more iTregs and iTregs+anti-IL-
12p40 express IFN-c and IL-17A after transfer into mice

with antigen-driven inflammation. Ly5.1 congenic mice

sensitized to SG had 10 9 106 iTregs, iTregs+anti-IL-
12p40 or medium transferred into them, and the mice

were killed 6 days later, so the proportion of transferred

cells (CD45.2+) expressing IFN-c and IL-17A could be

determined. Both iTregs and iTregs+anti-IL-12p40 recov-

ered from the spleens of sensitized mice showed loss of

Foxp3 expression (72�2 � 2�4% and 69�3 � 2�4% of

recovered CD45.2+ CD4+ cells, respectively, were Foxp3+)

and demonstrated a significant increase in IFN-c expres-

sion compared with before transfer (Fig. 6a,b). Although

very few iTregs or iTregs+anti-IL-12p40 produced IL-17A

during in vitro culture, there was a trend towards

increased IL-17A expression by these cells after transfer

into sensitized mice (Fig. 6c). These data confirm that the

iTreg and iTregs+anti-IL-12p40 phenotype is unstable,

and that they produce Teff cytokines after transfer into

mice that are sensitized to the nephritogenic antigen.
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Figure 2. RT PCR expression of chemokine receptors, regulatory molecules and T-cell nuclear transcription factors highlights some differences

between natural regulatory T cells (nTregs) (from sorted GFP+ cells from naive Foxp3-GFP mice), induced regulatory T cells (iTregs) and iTreg-

s+anti-interleukin-12p40 (IL-12p40). mRNA was extracted from 1 9 106 cells collected on different occasions (sorted nTregs, n = 4; cultured

iTregs and iTregs+anti-IL12p40, n = 6). Gene of interest has been compared to 18S expression and presented as relative expression to nTregs

(control group). (a) CCR4, (b) CCR5, (c) CCR6, (d) CCR7, (e) CCR8, (f) CCR9, (g) CXCR3, (h) CXCR5, (i) CD103 (Itgae), (j) CTLA-4, (k)

Tbet, (l) GATA3 and (m) RORct (Rorc) between groups. *P < 0�05, **P < 0�01, ***P < 0�001, ****P < 0�0001.
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Figure 3. At a dose of 10 9 106 cells/mouse, induced regulatory T cells (iTregs) enhanced, but iTregs+anti-interleukin-12p40 (IL-12p40) attenu-

ated, T helper type 1 (Th1) immune responses in mice sensitized to sheep globulin (SG) for 10 days. Ly5.1 congenic mice received different doses

of iTregs or iTregs+anti-IL12p40 at the time of sensitization to SG. Results for iTreg transfers: (a) Measurement of dermal delayed-type hypersen-

sitivity (DTH) by measurement of footpad swelling 24 hr after re-challenge with SG into footpad (assessed 10 days after sensitization to SG). Eli-

Spot measurement of (b) IFNc+ and (c) IL-17A+ spots/1 9 106 stimulated splenocytes. (d) Proportion of transferred cells (CD45.2+) retaining

CD4 and Foxp3 expression, recovered from the spleen of recipient (Ly5.1 congenic) mice (3 9 106 splenocytes were stained for flow cytometry,

gating on live single cells, with ≥ 1 million events collected per mouse). (e) Representative FACS plots of splenocytes from mice receiving med-

ium (control) or 10 9 106 iTregs. (f) Serum mouse anti-sheep IgG titres. Results for iTregs+anti-IL-12p40 transfers: (g) Measurement of dermal

DTH. EliSpot measurement of (h) IFN-c+ and (i) IL-17A+ spots/1 9 106 stimulated splenocytes. (j) Proportion of transferred cells (CD45.2+)

retaining CD4 and Foxp3 expression, recovered from the spleens of recipient (Ly5.1 congenic) mice. (k) Representative FACS plots of splenocytes

from mice receiving medium (control) or 10 9 106 iTregs+anti-IL-12p40. (l) Serum mouse anti-sheep IgG titres. *P < 0�05, **P < 0�01,
***P < 0�001.
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iTreg+anti-IL-12p40 induced from effector
CD4+ Foxp3– T cells do not protect mice from
glomerulonephritis

To establish if iTreg cells derived from effector CD4+ T

cells would be more suppressive in vitro and in vivo than

iTreg cells generated from naive CD4+ cells, naive Foxp3-

GFP mice were sensitized to SG 10 days before isolation

of CD4+ Foxp3– and CD4+ Foxp3+ cells. Using

CD4+ Foxp3– cells from sensitized mice, iTreg cells were

generated (including the addition of anti-IL-12p40 in cul-

tures). Two populations of control cells were generated:

sorted CD4+ Foxp3+ Treg cells (representing a mixed

population of nTreg cells and endogenously induced Treg

cells in the sensitized donor mice), cultured with IL-2,

anti-CD3 and anti-CD28, and Teff cells from sorted

CD4+ Foxp3– cells cultured with IL-2, anti-CD3, anti-

CD28 and anti-IL-4. Higher proportions of iTregs+anti-
IL-12p40 (from either naive CD4+ and sensitized

CD4+ Foxp3– cells) expressed Foxp3 than control Treg

cells, whereas Foxp3 expression in Teff cells was minimal

(Fig. 7a). Treg cells, both types of iTregs+anti-IL-12p40
and Teff cells had high CD25 and GITR expression, but

only Treg cells from sorted CD4+ Foxp3+ cells exhibited

a population of cells with high Helios expression
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Figure 4. Induced regulatory T cells (iTregs) and iTregs+anti-interleukin-12p40 (IL-12p40) -treated mice were not protected from anti-glomeru-

lar basement membrane (GBM) disease in a model of milder rapidly progressive glomerular nephritis (RPGN). Ly5.1 congenic mice were sensi-

tized subcutaneously to sheep globulin/Freund’s complete adjuvant (SG/FCA) and given medium (n = 7), 10 9 106 iTregs (n = 8) or 10 9 106

iTregs+anti-IL-12p40 (n = 9). Intravenous sheep anti-mouse GBM globulin (5 mg) was administered 4 days later, before mice were killed after a

further 10 days. Renal injury was assessed by (a) serum urea (dotted line represents non-nephritic WT mice; n = 4), (b) urine protein/creatinine

ratio, (c) percentage of glomeruli with segmental necrosis and (d) interstitial injury score. (e) Representative images of PAS-stained glomeruli

(4009; scale bar = 50 lm). Immunohistochemical staining on periodate lysine paraformaldehyde-fixed frozen kidney sections was performed to

quantify (f) CD4+ cells, (g) macrophages and (h) neutrophils within glomeruli and (i) CD4+ cells, (j) macrophages and (k) neutrophils within

the cortical interstitium. *P < 0�05, c/gcs, cells per glomerular cross-section; c/hpf, cells per high-power field.
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(representing a mixed population of thymically derived

Treg cells and peripherally induced Treg cells from sensi-

tized mice; Fig. 7b). Both types of iTregs+anti-IL-12p40
had comparable production of IL-4, IL-6, IL-17A, IFN-c
and TNF to Treg cells, but reduced IL-10. Teff cells pro-

duced more IL-4, TNF, IFN-c and IL-10 than Treg cells

or iTregs+anti-IL-12p40 from naive or sensitized cells

(Fig. 7c). TGF-b1 levels were highest in iTregs+anti-IL-
12p40 from sensitized CD4+ Foxp3– cells compared with

the other groups (Fig. 7d).

Comparing expression of chemokine receptor expres-

sion on the four types of cells cultured ex vivo for 5 days

revealed both similarities and differences (Fig. 8a–m).

The iTregs+anti-IL-12-p40 derived from naive and immu-

nized mice were similar in expression of most chemokine

receptors, but iTregs+anti-IL-12p40 from immunized

mice expressed more CCR9, CXCR5 and CD103. Com-

pared with iTregs+anti-IL-12p40 from naive CD4+ T cells,

Treg cells expressed more CTLA4. Teff cells expressed

more CCR4, CCR6, CCR7 and CCR9 than both types of

iTregs+anti-IL-12p40. They also expressed less CD103

and RORct but more Tbet and GATA3. Taken together,

these in vitro data presented in Figs 7 and 8 indicate that

iTregs+anti-IL-12p40 from sensitized CD4+ Foxp3– cells

have a suppressive phenotype.

However, transfer of iTregs+anti-IL-12p40 derived from

these sorted CD4+ Foxp3– cells from sensitized mice did

not attenuate accelerated anti-GBM glomerulonephritis.

Cells (10 9 106 iTregs+anti-IL-12p40 induced from

CD4+ Foxp3– cells from sensitized mice; 98% CD4+ Fox-

p3+ at transfer) or medium were transferred into mice on

the day of sensitization. Serum urea levels were similar

between groups, but mice receiving iTregs+anti-IL-12p40
(from sensitized CD4+ Foxp3– cells) had worse protein-

uria and glomerular segmental necrosis 10 days after

receiving sheep anti-mouse GBM antibody (Fig. 9a–c).
Tubulointerstitial injury was similar between groups

(Fig. 9d). More macrophages were identified within the

glomeruli of mice receiving iTregs+anti-IL-12p40 (from

sensitized CD4+ Foxp3– cells), but glomerular CD4+ T

cells and neutrophils and interstitial CD4+ T cells, macro-

phages and neutrophils were comparable between groups

(Fig. 9e–j). More stimulated splenocytes made IFN-c,
with a trend to increased IL-17A production, whereas
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Figure 5. Induced regulatory T cells (iTregs) +anti-interleukin-12p40 (IL-12p40) -treated mice, with milder rapidly progressive glomerular

nephritis (RPGN), had enhanced T helper type 1 (Th1) cellular immune responses, with iTregs and iTregs+anti-IL-12p40 demonstrating an

unstable phenotype and restricted renal recruitment. EliSpot measurement of (a) IFN-c+ and (b) IL-17A+ spots/1 9 106 stimulated splenocytes,

respectively, in mice treated with either medium (n = 7), 10 9 106 iTregs (n = 8) or 10 9 106 iTregs+anti-IL-12p40 (n = 9). (c) Proportion of

splenocytes expressing CD4 and Foxp3 on CD45.2+ cells from recipient (Ly5.1 congenic) mice, highlighting a change in phenotype of the trans-

ferred iTregs and iTregs+anti-IL-12p40 (3 9 106 splenocytes were stained for flow cytometry, gating on live single cells, with ≥ 1 million events

collected per mouse). (d) Proportion of renal CD45.2+ cells expressing Foxp3 in mice receiving iTregs or iTregs+ani-IL-12p40, assessed by flow

cytometry. (e) Concatenated FACS plots of renal leucocytes, demonstrating the presence of a small population of transferred iTregs and

iTregs+anti-IL-12p40, with diminished Foxp3 expression, within the kidney. (f) Serum mouse anti-sheep IgG titres (** result for medium versus

iTreg+anti-IL-12p40 group). *P < 0�05, **P < 0�01.
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humoral immune responses did not differ between groups

(Fig. 9k–m). Hence, similar to iTreg cells generated from

naive CD4+ Foxp3– cells, iTreg cells derived from sensi-

tized CD4+ Foxp3– cells did not attenuate experimental

glomerulonephritis.

Discussion

Endogenous Treg cells comprise only a small proportion

of the total CD4+ T-cell population. Therefore, reliable

methods of inducing Treg cells from naive CD4+ T cells

or expanding nTreg cells ex vivo are desirable to explore

their use as a cellular therapy for re-establishing tolerance

in autoimmune disease. We generated polyclonal iTreg

cells ex vivo, and tested the hypothesis that these Foxp3+

iTreg cells could suppress disease and prevent nephrito-

genic immunity in experimental RPGN.

We generated polyclonal iTreg cells with > 90% Foxp3

expression from naive CD4+ T cells using ATRA and

TGF-b1, with a regulatory phenotype in vitro, consistent

with published findings.12,38–41 As iTreg cells produced

IFN-c and TNF, a neutralizing IL-12p40 mAb was added

to cultures, which further enhanced their suppressive abil-

ity in vitro. We assessed the regulatory capacity of iTregs

and iTregs+anti-IL-12p40 in vivo using dermal DTH.

Only iTregs+anti-IL-12p40 reduced DTH and pro-inflam-

matory cytokine production. In the RPGN model, neither

iTregs nor iTregs+anti-IL-12p40 protected against GN.

Both demonstrated an unstable phenotype, with loss of

Foxp3 expression evident in the transferred cells recov-

ered from the spleen and kidney. Modifying the iTregs by

using RORct–/– CD4+ T cells, or by generating iTreg-

s+anti-IL-12p40 from CD4+ Foxp3– T cells from SG-sen-

sitized mice, did not suppress inflammatory immune

responses or RPGN. When polyclonal iTregs and iTreg-

s+anti-IL-12p40 were transferred into SG-sensitized mice,

they not only lost Foxp3 expression, but a significantly

greater proportion produced IFN-c compared with before

transfer, demonstrating that they gained an effector phe-

notype in vivo.
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Figure 6. Induced regulatory T cells (iTregs) and iTregs+anti-interleukin-12p40 (IL-12p40) change phenotype 6 days after transfer into mice sen-

sitized to sheep globulin (SG), with increased IFN-c expression. Ly5.1 congenic mice were sensitized to 0.5mg SG in Freund’s complete adjuvant

subcutaneously and received 10 9 106 iTregs (n = 7) or iTregs+anti-IL-12p40 (n = 9) intravenously, before euthanasia 6 days later. Immediately

pre-transfer iTregs and iTregs+anti-IL-12p40 were assessed by FACS (n = 3, taken from different culture wells). (a) Concatenated FACS plots of

splenocytes from recipient mice, assessing the proportion of transferred iTregs and iTregs+anti-IL-12p40 (CD45.2+) that were CD4+ Foxp3+ and

CD4+ IFN-c+. (b) Comparison of the proportion of iTregs and iTregs+anti-IL-12p40, recovered from the spleens of recipient mice, expressing

interferon-c (IFN-c) pre- and post-transfer. iTregs and iTregs+anti-IL-12p40 were identified by flow cytometry as CD45.2+ CD4+ cells. (c) Com-

parison of the proportion of iTregs and iTregs+anti-IL-12p40, recovered from the spleens of recipient mice, expressing IL-17A pre- and post-

transfer. **P < 0�01, ****P < 0�0001.
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Induced Treg cells have been shown to change phenotype

in models of alloimmunity. Transfer of iTreg cells with mis-

matched bone marrow did not protect against experimental

graft-versus-host disease; the majority of recovered iTreg

cells (at 10 days) lost Foxp3 expression and produced IFN-

c.42 Although ATRA enhanced the proportion of iTreg cells

expressing Foxp3, it did not render the cells more pheno-

typically stable.42 Similarly, in murine xenograft-versus-host

disease, ATRA expanded Treg cells from human

CD4+ CD25+ cells produced IFN-c and IL-17A after trans-

fer.41 These data, together with our results showing both

loss of Foxp3 and the induction of IFN-c in cells after

transfer, show that the stability of iTreg cells in an inflam-

matory microenvironment is a significant issue.

Studies reporting successful modulation of autoimmu-

nity with ex vivo generated iTreg cells use CD4+ T cells

from transgenic mice with a T-cell receptor specific for

autoantigens,43–46 suggesting that a further reason why

iTreg cells did not suppress nephritogenic immunity may

relate to their polyclonality. However, there are reports of

polyclonal ex vivo iTreg cells regulating experimental

inflammatory diseases and transplantation.9,47–51
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cells, and cells were cultured for 5 days, with the cytokine cocktail including anti-IL-12p40. Control groups were Treg cells, using the CD4+ Fox-

p3+ cells from the immunized mice (cultured with anti-CD3, anti-CD28 and IL-2), and effector T cells (Teffs) from the CD4+ Foxp3– cells (cul-
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Using CD4+ T cells from SG-sensitized mice (the

nephritogenic antigen in the model of RPGN used),

in vitro iTregs+anti-IL-12p40 derived from the

CD4+ Foxp3– T cells produced more TGF-b1, but less IL-
10 than CD4+ Foxp3+ Treg cells, with high Foxp3 expres-

sion, suggesting that they were not regulatory type 1

(Tr1) cells.52,53 When transferred into the mild RPGN

model, they had an injurious rather than a regulatory

phenotype in vivo, worsening glomerular segmental

necrosis and proteinuria, enhancing macrophage accumu-

lation in glomeruli and IFN-c production from stimu-

lated splenocytes, suggesting that these iTreg cells reverted

to an effector phenotype.

Adoptive transfer studies of nTreg cells in experimental

RPGN showed that the recipients had reduced systemic

IFN-c and TNF production and fewer renal leucocytes,

but in one study the transferred nTreg cells were found

in secondary lymphoid organs, not within nephritic

kidneys,17 suggesting that modulation of systemic immu-

nity is an important mechanism of action by Treg cells.

However, other studies have demonstrated that endoge-

nous Treg cells home to the kidney in experimental

RPGN, with Treg cell depletion altering both systemic

immunity and renal Treg cell infiltrates,15,16 suggesting

that Treg cells can migrate to the kidney to suppress local

inflammatory responses. Interactions between tissue

chemokines and chemokine receptors on Treg cells are

important for Treg migration to sites of inflammation,

particularly in the dermis.54–56 Less is known about Treg

cell localization to the kidney, but CCR6 is likely to be

important.57,58 Although there were a number of similari-

ties in chemokine receptor expression in iTreg cells, both

the Treg cells and the iTregs+anti-IL-12p40 from the sen-

sitized CD4+ T cells had significantly less CCR6 expres-

sion than Teff cells. Differences in chemokine expression

required for Teff and Treg cell homing to inflammatory
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mice sensitized to sheep globulin), Tregs and effector T (Teff) cells. Naive Foxp3-GFP mice were sensitized to sheep globulin for 10 days, spleens
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sites might explain why iTreg cells were unable to sup-

press Teff cells in this model of RPGN, in contrast to

other groups who have found iTreg cells (generated in a

similar manner) to have a suppressive phenotype in mod-

els of colitis.20,48

Despite high Foxp3 expression in our cultured iTregs

and iTregs+anti-IL-12p40, RORct expression was up-

regulated compared with nTreg cells. RORct and Foxp3

can be co-expressed in naive CD4+ T cells, and TGF-b-
induced Foxp3 inhibits RORct activity.59 Therefore, it is

possible that during in vitro culture conditions, Foxp3

expression was sufficient to restrict RORct-mediated IL-

17A transcription, but the in vivo inflammatory milieu

encountered by iTreg cells may have contributed to their

loss of Foxp3 expression, removing antagonism of RORct,
promoting conversion to a Teff phenotype. However,

transfer of RORct–/– iTreg cells into experimental RPGN

did not protect mice from injury, showing that excessive

RORct expression in itself was not the primary reason for

the lack of effect of iTreg cells.

In conclusion, while Foxp3+ iTreg cells can be gener-

ated in vitro with TGF-b1 and ATRA, and are able to

suppress Teff cell proliferation in vitro, they were unstable

in experimental RPGN, losing Foxp3 expression and pro-

moting Th1 responses. These iTreg cells had a chemokine

receptor expression profile that was different from that of

nTreg cells, which may restrict their trafficking to the kid-

ney. Hence, transfer of in vitro generated polyclonal iTreg

0 0 0 0·0

0·0

0·5

1·0

2·0

2·5

1·5

0·0 0

1

2

3
C

D
4+

 T
 c

el
ls

 (
c/

gc
cs

)
In

te
rs

tit
ia

l C
D

4+

 T
 c

el
ls

 (
c/

hp
f)

In
te

rs
tit

ia
l m

ac
ro

ph
ag

es
 (

S
co

re
 0

-4
; c

/h
pf

)

IF
N

-γ
+

 s
po

ts
/2

 ×
 1

06

ce
lls

IL
-1

7A
+

 s
po

ts
/2

 ×
 1

06

ce
lls

O
D

45
0

In
te

rs
tit

ia
l n

eu
tr

op
hi

ls
(c

/h
pf

)

M
ac

ro
ph

ag
es

 (
c/

gc
cs

)

N
eu

tr
op

hi
ls

 (
c/

gc
cs

)

0·1

0·2

0·3

0·4

0

0 0 0·4

1:
10

0
1:

20
0

1:
40

0

0·6

0·8

1·0

1·2

1·4

10

20

30

40

50

100

150

200 *

1

2

3

0

1

2

3

0

1

2

3

Medium

Medium

iTregs+anti-IL-12p40
(sensitised CD4+Foxp3–)

iTregs+anti-IL-12p40
(sensitised CD4+Foxp3–)

4

0·5 *

* *

0·2

0·4

0·6

0·8

1·0

20

40

60

100

200

300

400

S
er

um
 U

re
a 

(m
m

ol
/l)

U
rin

e 
P

ro
te

in
/C

re
at

in
in

e
(m

g/
m

m
ol

)

%
 G

lo
m

er
ul

i w
ith

se
gm

en
ta

l n
ec

ro
si

s

In
te

rs
tit

ia
l I

nj
ur

y
(S

co
re

 0
-4

)

5

10

15

20

25

(a) (b) (c) (d)

(e) (f) (g)

(h) (i) (j)

(k) (l) (m)

Figure 9. Induced regulatory T cells (iTregs) +anti-interleukin-12p40 (IL-12p40), generated from CD4+ Foxp3– cells from mice sensitized to

sheep globulin (SG), enhanced renal injury in a model of mild rapidly progressive glomerular nephritis (RPGN). Ly5.1 congenic mice were sensi-

tized subcutaneously to 0.5mg SG/Freund’s complete adjuvant and given medium (n = 8) or 10 9 106 iTregs+anti-IL-12p40 cultured from

CD4+ Foxp3– cells from SG-immunized Foxp3-GFP mice (n = 9). Intravenous sheep anti-mouse glomerular basement membrane (GBM) globu-

lin (5 mg) was administered 4 days later, before mice were killed after a further 10 days. Renal injury was assessed by (a) serum urea (dotted line

represents non-nephritic wild-type (WT) mice; n = 4), (b) urine protein/creatinine ratio, (c) percentage of glomeruli with segmental necrosis and

(d) interstitial injury score. Immunohistochemical staining on periodate lysine paraformaldehyde-fixed frozen kidney sections was performed to

quantify (e) CD4+ cells, (f) macrophages and (g) neutrophils within glomeruli and (h) CD4+ cells, (i) macrophages and (j) neutrophils within

the cortical interstitium. EliSpot measurement of (k) IFN-c+ and (l) IL-17A+ spots/1 9 106 stimulated splenocytes. (m) Serum mouse anti-sheep

IgG titres. *P < 0�05. c/gcs, cells per glomerular cross section; c/hpf, cells per high-power field.
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cells is not yet a viable therapeutic strategy in GN and

further work is required to stabilize their phenotype, to

ensure that they will have suppressive, not detrimental

pro-inflammatory actions.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Induced regulatory T cells (iTregs) and

iTregs+anti-interleukin-12p40 (IL-12p40) did not protect

mice from severe rapidly progressive glomerular nephritis

(RPGN). (a) Survival between mice receiving medium

(n = 5), 10 9 106 iTregs (n = 9) or iTregs+anti-IL-12p40
(n = 9) in a model of severe RPGN (using the accelerated

anti-glomerular basement membrane (GBM) disease

model, with mice sensitized subcutaneously to sheep

globulin/Freund’s complete adjuvant, receiving 10 mg of

sheep anti-GBM globulin intravenously), terminated early

at day 8 following sheep anti-mouse GBM antibody

administration (P = 0�08). (b) Representative PAS-stained

glomeruli from medium, iTreg-treated and iTreg+anti-IL-
12p40-treated mice, showing severe glomerular segmental

necrosis (400 9; scale bar = 50 lm).

Figure S2. Assessment of the phenotype of induced

regulatory T (iTreg) cells derived from RORct–/– mice

and the ability of these RORct–/– iTreg cells to suppress

renal injury and systemic immune responses in the model

of severe rapidly progressive glomerular nephritis

(RPGN). (a) Assessment of supernatant at day 5 from

cultured iTreg cells and RORct–/– iTreg cells for the

expression of interleukin-4 (IL-4), IL-6, IL-17, tumour

necrosis factor (TNF), interferon-c (IFN-c) and IL-10 and

(b) transforming growth factor-b1 (TGF-b1) (cells har-

vested from different wells, n = 6 per group). Ly5.1 con-

genic mice were sensitized subcutaneously to sheep

globulin in Freund’s complete adjuvant and given med-

ium (n = 4), 10 9 106 iTreg cells (n = 6) or 10 9 106

iTregs+anti-IL-12p40 (n = 5). Intravenous sheep anti-

mouse glomerular basement membrane (GBM) globulin

(10 mg) was administered 4 days later, and medium or

1�25 9 106 iTregs or iTregs+anti-IL-12p40 were trans-

ferred on the same day, before mice were killed after a

further 10 days. Renal injury was assessed by (c) serum

urea, (d) percentage of glomeruli with crescents and (e)

percentage of glomeruli with segmental necrosis.

*P < 0�05, **P < 0�01, ****P < 0�0001.
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