
Br ief Definit ive Repor t

The Rockefeller University Press  $30.00
J. Exp. Med. 2016 Vol. 213 No. 6 913–920
www.jem.org/cgi/doi/10.1084/jem.20151990

913

To ensure the generation of functional, self-tolerant T cells 
during thymic development, self-reactive thymocytes are 
negatively selected during the process of central toler-
ance. However, central tolerance is imperfect, and some T 
cells recognizing self-antigen do escape deletion and enter 
the lymphoid periphery.

The study of the youngest peripheral T cells, termed 
recent thymic emigrants (RTEs), has been facilitated by the 
use of RAG2p-GFP transgenic (Tg) mice in which GFP is 
expressed under the control of the Rag2 promoter (Yu et al., 
1999). Although Rag2 expression is extinguished intrathymi-
cally, the residual GFP signal remains detectable in RTEs for 
∼3 wk (Boursalian et al., 2004). GFP signal strength correlates 
inversely with the time since the loss of Rag2 expression 
(McCaughtry et al., 2007), allowing RTEs of varied ages to 
be distinguished from their GFP− mature naive (MN) coun-
terparts. Using such reporter mice, we and others have shown 
that RTEs are phenotypically and functionally distinct from 
MN T cells (Priyadharshini et al., 2010; Bhaumik et al., 2013; 
Fink, 2013; Paiva et al., 2013; Berkley and Fink, 2014; Hog 
quist et al., 2015), differences also ascribed to neonatal T cells 
(Opiela et al., 2009; Zaghouani et al., 2009; PrabhuDas et al., 
2011; Smith et al., 2014) and to human RTEs (McFarland et 
al., 2000; Haines et al., 2009).

Phenotypic and functional maturation of peripheral 
T cells requires both thymic egress and access to secondary 

lymphoid organs (Houston et al., 2008), but is not driven 
by molecules known to influence T cell homeostasis (Hous-
ton and Fink, 2009). It remains unclear what advantages are 
accrued by the export of T cells that interpret and respond 
to their immunological environment in a manner so distinct 
from that of their mature counterparts. RTEs have a slightly 
modified TCR repertoire, with longer average CDR3 lengths 
(Houston and Fink, 2009). Given that shorter CDR3s are as-
sociated with intrathymic tolerance (Matsutani et al., 2007), 
this repertoire shaping suggests that postthymic maturation 
might involve tolerance induction.

To test whether RTEs are tolerized to peripherally ex-
pressed self-antigen, we used RIP-mOVA Tg mice expressing 
a membrane-bound form of OVA under the control of the 
rat insulin promoter (Kurts et al., 1997a) that drives periph-
eral expression primarily in the pancreatic β islets and kidney 
proximal tubules. These mice have been used to model islet 
autoantigens and thereby identify the cell types involved in 
the islet cell destruction driving autoimmune type I diabetes. 
Antigen in these mice can be detected by both OVA-specific 
CD4 (OT-II) and CD8 (OT-I) T cells. Tolerance induction 
of OT-I T cells in RIP-mOVA Tg mice has been ascribed to 
cross presentation of OVA by dendritic cells in the pancre-
atic LNs (pLNs; Heath et al., 2004). Analysis of autoreactive 
OT-I T cells in the RIP-mOVA system indicates that control 
of CD4 help is critical for the maintenance of CD8 T cell 
tolerance induced by cross-presentation (Kurts et al., 1997a).

We show here that CD4 RTEs were more sensitive than 
their mature counterparts to regulatory T cell (T reg cell)–me-
diated suppression in vitro, and after self-antigen encounter in 
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vivo, both CD4 and CD8 RTEs proliferated less, secreted less 
IL-2 and IFN-γ, and expressed elevated levels of anergy-as-
sociated genes. Correspondingly, both OT-II and OT-I RTEs 
were less diabetogenic than their mature counterparts after 
transfer into RIP-mOVA Tg hosts. However, in the presence 
of inflammation, RTEs proliferated to the same extent and 
secreted as much IL-2 as mature T cells. These results place 
RTEs at a crossroads between tolerance induction and effector 
cell differentiation, with their ultimate fate guided by the pres-
ence or absence of inflammation during antigen recognition.

RES ULTS AND DIS CUS SION
RTEs exhibit functional defects after in vivo exposure to 
peripheral self-antigen
To quantify the tissue-restricted antigen (TRA) reactivity of 
peripheral T cells as a function of their maturation stage, an 
equal number of congenically marked, naive CFSE-labeled 
OT-I (Fig. 1, A–C) or OT-II (Fig. 1, D–F) RTEs and MN T cells 
were cotransferred from antigen-free donors into RIP-mOVA 
Tg hosts. Bulk OT-I T cells were cotransferred with OT-II 
RTEs and MN T cells to enhance antigen release and promote 
activation of donor cells in the draining pLNs. The absence of 
donor cell activation in either WT C57BL/6 (B6) hosts or in 
the nondraining LNs of RIP-mOVA Tg hosts underscores the 
antigen specificity of this activation (not depicted). Although 
there was no significant difference in the expression level of 
the activation marker CD44 on CD8 RTEs and mature T cells 
(Fig. 1 A) harvested from the pLNs of RIP-mOVA Tg hosts 4 d 
after transfer, CD4 RTEs were significantly less activated com-
pared with their mature counterparts (Fig. 1 D). Correspond-
ingly, donor CD8 RTEs only exhibited proliferative defects at 
day 7 after transfer (Fig. 1 B), whereas donor CD4 RTEs ex-
hibited proliferative defects at both days 4 and 7 (Fig. 1 E).

Next, we examined effector cytokine production by 
donor CD8 and CD4 RTEs and mature T cells after periph-
eral self-antigen encounter. 7 d after transfer into RIP-mOVA 
Tg hosts, divided CD8 and CD4 RTEs produced less IL-2 
and IFN-γ, both proportionally (Fig. 1, C and F) and on a 
per cell basis, as measured by mean fluorescence intensity 
(not depicted). This defect in cytokine production is not sim-
ply a downstream consequence of diminished proliferation, 
as CD4 RTEs exhibited defects even when IL-2 and IFN-γ 
production were expressed as a function of cell division (not 
depicted). Despite the fact that CD4 RTEs are skewed away 
from the Th1 lineage (Hendricks and Fink, 2011), CD4 RTEs 
exposed to self-antigen in vivo make neither IL-4 nor IL-17 
(not depicted). Thus, upon self-antigen recognition in vivo, 
both CD4 and CD8 RTEs exhibit functional defects similar 
to those described in murine (Hendricks and Fink, 2011) and 
human (Haines et al., 2009) RTEs stimulated in vitro.

RTEs are less diabetogenic than their 
mature T cell counterparts
To determine whether RTE functional defects impact their 
autoimmune capacity, we measured diabetes induction after 

transfer of OT-I RTEs or MN T cells into separate RIP-
mOVA Tg hosts. Although high numbers of transferred OT-I 
T cells alone can induce diabetes in RIP-mOVA Tg mice, 
help provided by cotransferred OT-II T cells (which alone 
fail to induce diabetes) facilitates disease initiation by a lower 
number of OT-I T cells (Kurts et al., 1997a). We therefore pro-
vided CD4 T cell help in the form of cotransferred bulk OT-II 
Rag1−/− T cells. 8 d later, recipients of OT-I MN T cells de-
veloped autoimmune diabetes; diabetes was both delayed and 
less prevalent in the recipients of RTEs (Fig. 2 A). Thus, CD8 
RTEs are less diabetogenic than their mature counterparts.

To determine whether the proliferative and cytokine 
defects of CD4 RTEs affect their capacity to facilitate CD8 T 
cell–mediated autoimmunity, we transferred OT-II RTEs or 
MN T cells plus bulk naive OT-I T cells into separate RIP-
mOVA Tg hosts. Fewer of the mice that received RTE helper 
cells progressed to autoimmune diabetes (Fig. 2 B), indicat-
ing that the help provided by CD4 RTEs is less efficient at 
facilitating CD8 T cell–mediated diabetes. The impact of a 
helper cell source on the CD8 population is indicated by the 
reduction in the proportion of IL-2–producing OT-I effec-
tors that develop in the presence of RTE helpers rather than 
in their proliferative capacity, which is equivalent regardless of 
the source of CD4 T cell help (Fig. 2 C).

RTEs are more prone to anergy than 
their mature counterparts
Anergy in T cells is characterized by an inability to produce 
IL-2, resulting in a diminished proliferative response (Par-
ish et al., 2009; Wells, 2009). The defective proliferation and 
IL-2 production by RTEs in response to self-antigen as well 
as the fact that RTEs receive strong TCR signals but weak 
co-stimulation (Berkley and Fink, 2014) are all properties dis-
played by anergic cells (Wells, 2009). Therefore, we measured 
anergy-associated gene expression in OT-I and OT-II RTEs 
and mature T cells sorted from the pLNs of RIP-mOVA Tg 
hosts. Compared with their mature counterparts, antigen-ex-
posed OT-I RTEs harvested from recipient pLNs expressed 
increased levels of the anergy-associated genes DGKα and 
ζ, whereas OT-II RTEs expressed increased levels of DGKα 
and Cbl-b (Fig. 3 A). OT-II RTEs harvested from the pLNs 
of RIP-mOVA Tg hosts up-regulated FR4 but down-regu-
lated CD73 surface expression compared with their mature 
counterparts (not depicted) and thus do not fully phenocopy 
FR4hiCD73hi anergic mature T cells (Martinez et al., 2012).

CD4 RTEs are more susceptible than mature T cells to T reg 
cell–mediated suppression
We used a standard in vitro suppression assay to determine 
whether the impaired proliferation and cytokine production 
by CD4 RTEs could also be caused by enhanced susceptibil-
ity to T reg cell–mediated suppression. Polyclonal CFSE-la-
beled CD4 RTEs or MN conventional T cells (T conv cells) 
were co-cultured with T reg cells from Foxp3-IRES-RFP 
Tg reporter mice (at decreasing T reg/T conv cell ratios), ir-
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radiated APCs, and soluble anti-CD3. After 72 h, both RTEs 
and mature T cells proliferated robustly in the absence of T 
reg cells, although fewer RTEs underwent division (Fig. 3 B), 
as expected (Boursalian et al., 2004). Furthermore, both RTE 
and mature T cell proliferation was suppressed in a dose-de-
pendent manner by the addition of Foxp3+ T reg cells. Inter-
estingly, RTE proliferation was diminished at lower T reg/T 
conv cell ratios, indicating their greater susceptibility to T reg 
cell–mediated suppression (Fig.  3 B). This inhibitory effect 
was not simply a consequence of reduced RTE proliferation 
because suppression was calculated as a function of cell divi-
sion. Although the precise mechanism of T reg cell suppres-
sion is unclear, T reg cells may act as IL-2 “sinks” (Pandiyan 
et al., 2007), an effect that may be exacerbated for stimulated 
CD4 RTEs because they poorly up-regulate surface expres-
sion of the high-affinity IL-2Rα (Boursalian et al., 2004). To 

test this hypothesis, we added recombinant IL-2 to the in 
vitro suppression assay. Although CD4 RTEs were more sus-
ceptible to T reg cell–mediated suppression in the absence 
of exogenous IL-2 (Fig. 3 B), the addition of recombinant 
IL-2 inhibited the ability of T reg cells to suppress RTEs 
at low T reg/T conv cell ratios (Fig.  3  C). The sensitivity 
to suppression by T reg cells is particularly pertinent, given 
that CD4 T cell tolerance to TRAs is often T reg cell medi-
ated (Legoux et al., 2015).

Inflammation converts tolerance-prone CD4 RTEs into 
competent effector cells
We have previously shown that, compared with mature T 
cells, OT-I RTEs drive increased diabetes induction in RIP-
mOVA Tg hosts infected with OVA-expressing Listeria 
monocytogenes, perhaps a result of enhanced VLA-4 expres-

Figure 1. CD4 and CD8 RTEs proliferate less and secrete less IL-2 and IFN-γ than mature T cells in response to peripheral self-antigen in vivo. 
(A–C) 106 naive OT-I RTEs and MN T cells were cotransferred into RIP-mOVA Tg hosts. (D–F) 0.5 × 106 naive OT-II RTEs and MN T cells were cotransferred 
with 2 × 106 bulk naive OT-I T cells into RIP-mOVA Tg hosts. (A and D) Donor cells from the draining pLNs were analyzed 4 d later. Histograms show repre-
sentative CD44 staining by RTEs and mature T cells. Data in the right panels show CD44 mean fluorescence intensity (MFI) compiled from two independent 
experiments (n = 4–7). (B and E) Proliferation of donor cells from the pLNs was quantified 4 and 7 d after transfer. Numbers in the histograms represent the 
percentages of donor RTEs (shaded) and mature T cells (open) that have divided more than three times. Data in the right panels show percentages of donor 
RTEs (open squares) and mature T cells (filled circles) dividing more than three times compiled from two independent experiments (n = 4–8). (C and F) 7 d 
after transfer, cells from recipient pLNs were restimulated in vitro for 5 h and stained for intracellular cytokines. Numbers in the top left dot plot quadrants 
represent the percentages of IL-2+ or IFN-γ+ dividing donor cells. Data in the right panels are compiled from two independent experiments (n = 6–8). *, P ≤ 
0.05; **, P ≤ 0.01; ****, P ≤ 0.001, using a paired Student’s t test.
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sion (Berkley and Fink, 2014), which is known to drive T 
cell accumulation in the prediabetic pancreas (King et al., 
2012). To address the apparent contradiction between our 
prior and current data, we asked whether the RTE response 
is selectively enhanced after antigen encounter in the pres-
ence of inflammation. Adjuvants containing aluminum salts 
are widely used in both animal and human vaccines to in-
duce inflammation and manipulate the T cell response to 
antigen (Marrack et al., 2009). With this in mind, an equal 
number of CFSE-labeled OT-II RTEs and MN T cells were 
cotransferred into recipients that were immunized subcuta-
neously the next day with 4-hydroxy-3-nitrophenylacetyl 
hapten conjugated to OVA (NP-OVA) in aluminum hydrox-
ide (alum). In contrast to the proliferative defects observed in 
RTEs responding to peripheral self-antigen (Fig. 1 E), robust 
proliferation was observed in CD4 RTEs harvested from the 
draining inguinal LNs (iLNs) of mice immunized with NP-
OVA in alum (Fig. 4 A). In fact, more RTEs than mature T 
cells divided, demonstrating that in the context of inflam-
mation, CD4 RTEs are at least as proliferative as their ma-
ture counterparts. Furthermore, dividing RTEs and mature 
T cells made similar amounts of IL-2 (Fig. 4 B) and IFN-γ 
(not depicted). Despite alum’s reputation for mild Th2 skew-
ing, these cells generated little to no IL-4 (not depicted). A 
similar recovery of effector cell function was noted in CD4 
RTEs exposed to antigen in CFA (Fig. 4 B). Thus, inflamma-
tion converts antigen-exposed, tolerance-prone RTEs into 
competent effector cells.

Addition of IL-1β, IL-18, and/or IL-33 disproportionately 
improves RTE function in vitro
To investigate how adjuvant exposure might enhance RTE 
effector function, we focused on alum because of its greater 
impact, particularly in terms of cytokine production (Fig. 4, A 
and B, bottom). The exposure of cells to alum in vitro activates 
caspase-1, resulting in the production of IL-1β, IL-18, and 
IL-33 (Marrack et al., 2009). Hence, we cultured polyclonal 

CFSE-labeled CD4 RTEs or MN T cells with irradiated 
APCs and soluble anti-CD3 with or without the addition of 
IL-1β, IL-18, and/or IL-33. After 48 h, both RTEs and ma-
ture T cells proliferated, although fewer RTEs divided two or 
more times (Fig. 5 A). Although the addition of exogenous 
IL-18 or IL-1β and IL-33 disproportionately increased the 
proliferation of RTEs relative to mature T cells, the addition 
of all three cytokines was required to drive RTE proliferation 
to mature T cell levels (Fig. 5 A). After 5–6 d of stimulation, 
∼58% of mature CD4 T cells made IL-2, whereas only ∼7% 
of RTEs did. With the addition of exogenous IL-1β and IL-
33, ∼32% of RTEs made IL-2, a dramatic approximately six-
fold increase over anti-CD3 alone (Fig. 5 B).

Altogether, our data show that both CD4 and CD8 
RTEs exposed to self-antigen in vivo exhibit defective pro-
liferation, diminished cytokine production, and up-regu-
lation of anergy-associated genes. OT-I T cell tolerance to 
peripheral self-antigen in the RIP-mOVA Tg mouse model 
can result from the deletion of autoreactive CD8 T cells 
(Kurts et al., 1997b). In our hands, OT-I RTEs are slightly 
underrepresented in the pLNs 7 d after transfer into RIP-
mOVA Tg hosts (unpublished data), suggesting that they 
may also undergo deletional tolerance. However, the pos-
sibility that these differences result from differential migra-
tion into or out of the draining pLNs cannot be excluded. 
CD8 RTEs show reduced diabetogenic capacity, and CD4 
RTEs show a reduced capacity to facilitate CD8-mediated 
islet cell destruction and heightened sensitivity to T reg 
cell suppression. However, both CD4 and CD8 RTEs can 
be converted into competent effector cells in the presence 
of inflammation, including that provided by L. monocy-
togenes infection or adjuvant exposure. Interestingly, the 
functional defects exhibited by the youngest peripheral 
T cells and the redirection of their immunocompetence 
upon exposure to antigen in the presence of inflamma-
tion mirror those of aged T cells near the end of their life- 
span (Zhang et al., 2014).

Figure 2. CD4 and CD8 RTEs are less efficient than mature T cells at inducing diabetes. (A) 106 naive OT-I RTEs or MN T cells were transferred with 
5–8 × 105 bulk naive OT-II Rag1−/− T cells into separate RIP-mOVA Tg hosts. (B) 7 × 105 to 106 naive OT-II RTEs or MN T cells were transferred with 2–3 × 106 
bulk naive OT-I T cells into separate RIP-mOVA Tg hosts. Compiled host disease incidence is shown from three to five independent experiments. Parentheses 
indicate the number of diabetic mice over the total number of mice per group. ***, P ≤ 0.005, using a log-rank test. (C) 106 naive OT-II RTEs or MN T cells 
were cotransferred with 2 × 106 bulk naive OT-I T cells into RIP-mOVA Tg hosts. Proliferation (left) and cytokine production (right) by donor OT-I T cells from 
recipient pLNs was quantified 7 d later. Data are presented as mean ± SEM and are representative of two independent experiments (n = 6–8). **, P ≤ 0.01, 
using an unpaired Student’s t test.
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Dampened immunocompetence by RTEs in the absence 
of inflammation may limit the production of harmful proin-
flammatory cytokines triggered by antigens expressed only 
outside the thymus. RTEs appear to be tolerized to TRAs ex-
pressed not only in the pancreas but also in the liver (Xu et al., 
2016). Moreover, because of their enhanced VLA-4 expression, 
naive CD8 RTEs preferentially localize to the splenic white 

pulp (unpublished data), which may allow RTEs to access and 
become tolerized to TRAs not normally encountered by cir-
culating naive T cells. Increased tissue invasiveness by RTEs 
in the absence of inflammation may also help explain how 
fetal RTEs infiltrate the organs of pregnant women, including 
the spleen and LNs, a process that may facilitate the onset of 
autoimmune disorders after pregnancy (Adams Waldorf and 
Nelson, 2008). Placing the inflammatory environment at the 
balance point between effector function and tolerance induc-
tion within RTEs may be key to ensuring that the neonate (all 
of whose peripheral T cells are RTEs) handles the world of 
antigens, both harmful and not, to its best advantage.

MAT ERI ALS AND MET HODS
Mice.  WT B6, B6.SJL-PtprcaPepcb/BoyJ (B6.CD45.1), 
B6xB6.CD45.1, B6.129P2-Tcrbtm1MomTcrdtm1Mom/J (TCRβ/
δ−/−), and RIP-mOVA Tg [B6-Tg(Ins2-TFRC/OVA)296 
Wehi/WehiJ] mice were purchased from The Jackson Labora-
tory or bred in house. RAG2p-GFP Tg mice were back-
crossed in our laboratory at least 12 generations onto the B6 
background to express one or both of the CD45.1 and 
CD45.2 congenic markers. These mice were crossed to OT-I 
[B6-Tg(TcraTcrb)1100Mjb/J] and OT-II [B6-Tg(TcraT-
crb)425Cbn/J] mice expressing transgene-encoded TCRs 
that recognize OVA257–264 plus Kb or OVA323–339 plus I-Ab, 
respectively. B6-Foxp3tm1Flv/J (Foxp3-IRES-RFP; Wan and 
Flavell, 2005) and OT-II Rag1−/− mice were originally gifts 
from D. Campbell and S. Ziegler, respectively (Benaroya Re-
search Institute, Seattle, WA) and were bred in house. All mice 
were housed under specific pathogen-free conditions and 
used in accordance with the University of Washington Insti-
tutional Animal Care and Use Committee guidelines.

Cell preparation, staining, and sorting.  Single-cell suspen-
sions for adoptive transfer were prepared from water-lysed 
splenocytes and axial, cervical, brachial, inguinal, and mesen-
teric LNs. T cells from RAG2p-GFP Tg TCR Tg mice were 
enriched using EasySep Negative Selection Mouse CD4 or 
CD8 T cell enrichment kits (STE MCE LL Technologies), and 
Fc receptors were blocked with anti-CD16/32 (2.4G2; BD). 
Cells were stained with fluorochrome-conjugated antibodies 
against B220 (RA3-6B2), CD4 (RM4-5), CD8α (53-6.7), 
CD11b (M1/70), CD44 (IM7), CD45.1 (A20), CD45.2 
(104), CD62L (MEL-14), NK1.1 (PK136), Ter119 (Ly-76), 
Vα2 (B20.1), and Vβ5 (MR9-4), all from BD, BioLegend, or 
eBioscience. After surface staining for 20 min at 4°C, a FAC S- 
Aria II (BD) was used to sort cells to >98% purity as CD-
44loCD62LhiCD4−B220−CD11b−NK1.1−Ter119− (OT-I) or 
CD44loCD62LhiCD8−B220−CD11b−NK1.1−Ter119− (OT-
II) cells that were either GFP+ RTEs or GFP− MN T cells. 
Fig. S1 shows sample sort gates and GFP curves for sort-pu-
rified populations of RTEs and MN T cells. Where indicated, 
cells were labeled with 2.5–5 µM CFSE for 10 min at 37°C. 
The GFP signal from RTEs does not interfere with the sub-
stantially brighter CFSE signal (Hendricks and Fink, 2011).

Figure 3. RTEs express elevated levels of anergy-associated genes 
after in vivo encounter with self-antigen and are more susceptible 
to T reg cell–mediated suppression. (A, left two graphs) 106 naive OT-I 
RTEs and MN T cells were cotransferred into RIP-mOVA Tg hosts. (A, right 
two graphs) 1–2 × 106 naive OT-II RTEs and MN T cells were cotransferred 
with 2 × 106 bulk naive OT-I T cells into RIP-mOVA Tg hosts. Antigen-ex-
posed (CD44hi) donor OT-II and OT-I T cells were sorted 7 d later from pLNs 
and RNA was extracted for gene expression analyses. Data are presented 
as mean ± SD and are representative of two independent experiments. 
(B and C) 105 naive polyclonal CFSE-labeled CD4 RTEs or MN T cells were 
co-cultured in vitro with the indicated ratios of Foxp3+ T reg cells in the 
presence of 105 irradiated TCRβ/δ−/− splenocytes without (B) or with (C) 
recombinant IL-2. Cells were cultured for 72 h without (unstim) or with 50 
ng/ml soluble anti-CD3 and CFSE dilution measured (top). (B) Data in the 
bottom left panel show the percentage of dividing cells and in the bottom 
right panel show the percentage of suppression of T cell proliferation by 
Foxp3+ T reg cells. Data are representative of three independent experi-
ments. (C) Data show the percentage of suppression at 1:8, 1:16, and 1:32 
T reg/T conv cell ratios without and with the addition of 10 or 50 U/ml 
recombinant IL-2, as indicated.
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Adoptive transfers and immunizations.  The indicated numbers 
of congenically marked, sort-purified naive TCR Tg RTEs and 
MN T cells were mixed 1:1, or kept separate as indicated, and 
transferred intravenously into adoptive hosts. Where indicated, 
recipients were immunized subcutaneously at the base of the 
tail 1 d after adoptive transfer with a total of 100 µl containing 
100 µg NP-OVA (Sigma-Aldrich) in a 1:1 solution with Im-
ject Alum (Thermo Fisher Scientific) or CFA (Sigma-Aldrich). 
Donor cell function was measured 7 d later in draining iLNs.

Intracellular cytokine staining.  7 d after transfer or immuni-
zation, donor T cells were isolated from the draining pLNs or 
iLNs of adoptive hosts and restimulated in vitro using either 
50 ng/ml PMA and 0.7 µM ionomycin (both from Sigma- 
Aldrich) for OT-II T cells or 10 nM OVA257–264 peptide for 
OT-I T cells, all in the presence of either brefeldin A (Gol-
giPlug) or monensin (GolgiStop; both from BD). Cells were 
surface stained and fixed using either 2% paraformaldehyde 
(Electron Microscopy Sciences) for OT-II T cells or Cytofix 

Figure 4. Antigen in the presence of inflammation converts tolerance-prone CD4 RTEs into competent effector cells. (A and B) 2 × 106 CFSE-la-
beled OT-II RTEs and MN T cells were cotransferred into WT B6 hosts that were immunized subcutaneously the next day with 100 µg NP-OVA in a 1:1 
solution with either alum (A) or CFA (B). Donor cell proliferation and cytokine production were quantified 7 d later in the draining iLNs. Data in the top left 
panels represent CFSE dilution by RTEs (shaded) and mature T cells (open), and numbers denote the percentages of undivided donor cells. Data in the top 
right panels show the proportion of donor cells that have undergone zero (undivided) or one or more divisions (divided). Data are presented as mean ± SEM 
compiled from three independent experiments (n = 12). After restimulation in vitro, donor cells isolated from the draining iLNs were stained for intracellular 
cytokines. Numbers in the top left dot plot quadrants represent the percentages of IL-2+ dividing donor cells. Data in the bottom right panels are compiled 
from two independent experiments (n = 5–10). *, P < 0.05; **, P < 0.01.

Figure 5. Addition of exogenous IL-1β, IL-18, and/or IL-33 disproportionately increases RTE proliferation and cytokine production in vitro. 105 
naive polyclonal CFSE-labeled CD4 RTEs or MN T cells were cultured for 2–6 d with 2 × 105 irradiated TCRβ/δ−/− splenocytes and 50 ng/ml soluble anti-CD3 
with or without 30 ng/ml IL-1β, IL-18, and/or IL-33. (A) Histograms show representative CFSE dilution by RTEs (shaded) and mature T cells (open) after 2 d  
of culture under the indicated conditions. Bar graph data show a ratio of the percentages of RTEs to mature T cells dividing two or more times; data are 
presented as mean ± SEM and are compiled from two independent experiments. (B) After 5–6 d of culture, cells were restimulated with PMA and ionomycin 
and stained for intracellular IL-2. Numbers in the top left and top right dot plot quadrants represent the percentage of IL-2+ divided and nondivided cells, 
respectively. Data in the right panel are presented as mean ± SEM and are compiled from two independent experiments. Numbers in parentheses indicate 
the fold change for the indicated condition relative to stimulation with anti-CD3 alone. *, P < 0.05, by unpaired Student’s t test.
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(BD) for OT-I T cells and permeabilized using Cytoperm 
(BD). Cells were stained intracellularly with fluoro-
chrome-conjugated antibodies to IL-2 (JES6-5H4) and 
IFN-γ (XMG1.2) from either BD or eBioscience. Samples 
were run on an LSR II flow cytometer (BD) and analyzed 
with FlowJo software (Tree Star) using unstimulated controls  
to define gates.

Diabetes induction.  5 d after transfer of the indicated numbers 
of OVA-specific T cells, the blood glucose of RIP-mOVA Tg 
hosts was monitored daily using a OneTouch Ultra2 meter 
(LifeScan) along with OneTouch Ultra test strips (LifeScan). 
Mice with blood glucose readings over 300 mg/dl for two 
consecutive days were considered diabetic and sacrificed.

Quantitative PCR (qPCR).  7 d after cell transfer, antigen-ex-
posed OT-I and OT-II T cells were sort purified from pLNs, 
and total RNA was extracted using the RNeasy Micro kit 
(QIA GEN). cDNA synthesis was performed with a mix of 
oligo(dT) and random primers using the QuantiTect Reverse 
Transcription kit (QIA GEN) according to the manufacturer’s 
protocol. For OT-II T cells, qPCR was performed on the re-
sulting cDNA using a ViiA 7 Real Time PCR System with 
TaqMan Universal Master Mix II, no uracil-N-glycosylase 
(both from Applied Biosystems), and with TaqMan primers/
probes as indicated (Thermo Fisher Scientific). For OT-I T 
cells, qPCR was performed as previously described (Hen-
dricks and Fink, 2011). Data were normalized to the expres-
sion of hypoxanthine-guanine phosphoribosyltransferase 
(Hprt) in each sample, and the relative expression was 
calculated using 2−ΔCT.

T reg cell suppression assays and in vitro cytokine stimula-
tion.  105 sort-purified naive polyclonal CFSE-labeled CD4 
RTEs or MN T cells were co-cultured at the indicated ratios 
with sort-purified Foxp3+ T reg cells from Foxp3-IRES-RFP 
Tg mice and 105 TCRβ/δ−/− splenocytes irradiated with 
3,000 Rad. Cells were stimulated for 72 h at 37°C in 7% CO2 
with 50 ng/ml soluble anti-CD3 (BD) in complete RPMI 
1640 medium containing 10% fetal bovine serum, 10 mM 
Hepes, 4 mM l-glutamine, and 50 µM 2-mercaptoethanol. 
The percentage of suppression was calculated as [(T conv cell 
CFSE dilution without T reg cells) − (T conv cell CFSE di-
lution with T reg cells)]/(T conv cell CFSE dilution without 
T reg cells). CFSE dilution was calculated using FlowJo soft-
ware. Where indicated, cultures were supplemented with or 
without 10 or 50 U/ml recombinant IL-2 (originally from 
Cetus). For in vitro cytokine stimulation, 105 sort-purified 
naive polyclonal CFSE-labeled CD4 RTEs or MN T cells 
were cultured with 2 × 105 TCRβ/δ−/− irradiated spleno-
cytes. Cells were stimulated for 2–6 d in complete RPMI at 
37°C in 7% CO2 with 50 ng/ml soluble anti-CD3 with or 
without the addition of 30 ng/ml each of IL-18, IL-1β, and/
or IL-33 (all from PeproTech).

Statistics.  P-values were calculated using a log-rank (diabetes 
induction experiments) or paired (cotransfer experiments) 
Student’s t test, and p-values <0.05 were considered significant.

Online supplemental material.  Fig. S1 shows the sort gate 
strategy for isolating untouched RTEs and MN T cells before 
cotransfer into adoptive hosts. Online supplemental material 
is available at http ://www .jem .org /cgi /content /full /jem 
 .20151990 /DC1.
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