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Abstract

Tolerant self-antigen–specific CD8 T cells fail to proliferate in response to antigen, thereby 

preventing autoimmune disease. By using an in vivo mouse model, we show that tolerant T cells 

proliferate and become functional under lymphopenic conditions, even in a tolerogenic 

environment. However, T cell rescue is only transient, with tolerance reimposed upon 

lymphorepletion even in the absence of tolerogen (self-antigen), challenging the prevailing 

paradigm that continuous antigen exposure is critical to maintain tolerance. Genome-wide 

messenger RNA and microRNA profiling revealed that tolerant T cells have a tolerance-specific 

gene profile that can be temporarily overridden under lymphopenic conditions but is inevitably 

reimposed, which suggests epigenetic regulation. These insights into the regulatory mechanisms 

that maintain or break self-tolerance may lead to new strategies for the treatment of cancer and 

autoimmunity.

T cell tolerance to self-antigens is required to prevent autoimmunity and arises through both 

central and peripheral mechanisms. Central tolerance occurs in the thymus through the 

process of negative selection, where developing thymocytes are deleted if they react too 

strongly to self-antigens presented by major histocompatability complex (MHC). Central 

tolerance is incomplete, however, because not all peripheral self-antigens are adequately 

presented in the thymus. Thus, self-reactive T cells that escape negative selection must be 

inactivated in the periphery by deletion, suppression by regulatory T cells, and/or cell-

intrinsic programs to create a state of functional unresponsiveness (1). Peripheral tolerant 

CD8 T cells are phenotypically similar to antigen-experienced CD8 T cells but cannot 

proliferate in response to antigen stimulation (2). The rules governing this proliferative 

defect are not fully understood, but continuous exposure to self-antigen (tolerogen) is 

thought to be required (3–5). Many cancer antigens are self-antigens, and tolerance to these 
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proteins can impede antitumor T cell responses. A critical challenge in tumor immunology is 

to develop strategies that break T cell tolerance to tumor/self-antigens without causing 

unacceptable autoimmune injury. Thus, it is necessary to define the molecular program 

underlying functional impairment of tolerant T cells and to understand the regulatory 

mechanism(s) that maintain or break self-tolerance.

We developed a double transgenic mouse model of CD8 T cell tolerance to a self-antigen 

that is also a potential target tumor antigen (6, 7). T cell receptor transgenic mice (TCRGAG) 

were engineered with CD8 T cells specific for the Friend murine leukemia virus (FMuLV) 

GAG epitope, an immunodominant antigen from the FMuLV-transformed mouse leukemia 

cell line, FBL (fig. S1A). These mice were crossed to a second transgenic mouse strain, 

Alb:GAG, which selectively expresses the gag transgene in hepatocytes under control of the 

albumin promoter (fig. S1B). In double transgenic TCRGAG×Alb:GAG mice, TCRGAG CD8 

T cells are only partially deleted in the thymus (Fig. 1A), yielding peripheral CD8 T cells 

expressing high levels of the GAG-specific TCR that appear antigen-experienced as 

evidenced by their Ly6Chi and CD44hi immunophenotype (Fig. 1B). Despite the presence of 

high avidity, self-antigen–specific TCRGAG CD8 T cells in the periphery, 

TCRGAG×Alb:GAG mice show no signs of autoimmune liver injury. The peripheral T cells 

from TCRGAG×Alb:GAG mice, in contrast to functional naïve or CD44hi/CD62Lhi memory 

TCRGAG CD8 T cells, are tolerant and unable to proliferate in response to immunization 

with a highly immunogenic recombinant Listeria monocytogenes strain expressing GAG 

(LM-GAG) (Fig. 1C).

Maintenance of T cell tolerance has been reported to require continual exposure of T cells to 

self-antigen (3–5). Therefore, we transferred tolerant T cells into wild-type B6 hosts. Three 

weeks after transfer, recipient mice were infected with LM-GAG. Transferred tolerant T 

cells did not expand, demonstrating that the function of self-reactive CD8 T cells is not 

necessarily restored by removal from the tolerizing environment (Fig. 1D).

We previously showed that rescue could be achieved by inducing proliferation through 

alternative signaling pathways, for example, exogenous interleukin-15 (IL-15) in vitro (8, 9). 

Because “forcing” tolerant T cells to proliferate appeared to abrogate tolerance, we 

investigated whether tolerant T cells could be rescued in vivo by lymphopenia-mediated 

homeostasis-driven proliferation (HP). During lymphopenia-driven HP, T cells proliferate 

independently of cognate antigen encounter, driven by interactions with MHCs expressing 

nondeleting self-peptides and/or by homeostatic cytokines (10). Tolerant T cells were 

transferred into sublethally irradiated congenic B6 or Alb:GAG recipients (fig. S2). Tolerant 

T cells underwent HP in both nontolerogenic and tolerogenic hosts (Fig. 2A). Proliferation 

was more extensive in GAG self-antigen–expressing hosts, suggesting that TCR signaling, 

even by a tolerogen, augmented lymphopenia-driven HP. To determine whether the 

proliferating tolerant T cells were rescued, lymphopenic Alb:GAG or B6 recipients were 

immunized in vivo 21 days posttransfer with LM-GAG (fig. S2B). Tolerant T cells expanded 

dramatic6ally to LM-GAG not only in B6 but also in tolerogenic Alb:GAG recipients (Figs. 

2, B and C, and 3B, left). To evaluate whether HP and rescue were dependent on the 

homeostatic cytokines IL-15 and/or IL-7, tolerant T cells were transferred into lymphopenic 

(i) Alb:GAG mice, (ii) Alb:GAG Ill5−/− mice, or (iii) Alb:GAG Ill5−/− mice treated with 
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neutralizing IL-7 monoclonal antibody (mAb). Although HP was less efficient in Ill5−/− and 

anti–IL-7–treated Ill5−/− hosts (Fig. 2D, top), tolerant T cells still expanded in response to 

LM-GAG (Fig. 2D, bottom), suggesting that neither IL-15 nor IL-7 was absolutely required 

for HP-mediated rescue of tolerant T cells.

Sublethally irradiated lymphopenic mice slowly recover lymphocyte numbers and are 

lymphoreplete by 3 to 4 months (fig. S2A). At this time, very few transferred tolerant T cells 

incorporated bromodeoxyuridine (BrdU) or expressed Ki67, suggesting that the cells were 

no longer actively cycling (Fig. 3A). To determine whether rescued tolerant T cells post-HP 

remained functional, we immunized lymphoreplete hosts with LM-GAG 3 to 4 months 

posttransfer. T cells rescued in tolerizing Alb:GAG hosts and functional at day 22 (Fig. 3B, 

left) were once again tolerant (Fig. 3B, right, and fig. S3). Unexpectedly, tolerant T cells 

rescued by HP in nontolerogenic B6 mice also reacquired tolerance. “Retolerized” T cells 

isolated from lymphoreplete B6 or Alb:GAG mice produced only limited amounts of the 

pro-inflammatory cytokines interferon (IFN)-γ and tumor necrosis factor (TNF)–α upon 

peptide stimulation, in contrast to rescued T cells (Fig. 3C). Thus, lymphopenia-mediated 

tolerance rescue was transient, with tolerance reestablished in lymphoreplete hosts even in 

the absence of the tolerogen.

Eukaryotic cells, including T cells, do not divide indefinitely and ultimately enter a phase of 

replicative senescence, known as the Hayflick limit (11). To determine whether tolerance 

reacquisition post-HP resulted from replicative senescence, we transferred retolerized T cells 

from lymphoreplete mice into a second set of lymphopenic recipients. After a second round 

of HP, retolerized T cells again responded to LM-GAG immunization, indicating that 

retolerized T cells were not senescent and could be “re-rescued” (fig. S4).

The unexpected finding that tolerant T cells undergoing HP become functional in 

tolerogenic hosts and reacquire tolerance in nontolerogenic hosts suggested that peripheral 

tolerance is maintained by TCR-independent signaling pathways. Molecular signatures have 

been identified for T cells in functionally unresponsive states, including exhausted CD8 T 

cells during chronic viral jnfection (12, 13), tumor-specific CD8 T cells in metastases (14), 

and anergic CD4 T cells (15), but the gene expression profile of tolerant self-antigen–

specific T cells has not been determined. We performed microarray analysis of naive, 

memory, tolerant, rescued (lymphopenic tolerogenic hosts), and retolerized (lymphoreplete 

nontolerogenic hosts) TCRGAG CD8 T cells (fig. S5). Principal component analysis (PCA) 

(Fig. 4A) and K-means clustering (Fig. 4B and table S1) revealed that tolerant T cells harbor 

a tolerance-specific gene signature markedly distinct from those of naïve and memory T 

cells. To identify genes and pathways critical for maintenance of unresponsiveness, we 

determined which genes were preferentially expressed in tolerant T cells compared with 

their naïve and memory counterparts: Clusters 9 and 13 (164 genes) were identified as 

“tolerance-specific” gene sets representing uniquely overexpressed genes, including negative 

regulators of cell signaling and proliferation, transcription factors, and phosphatases (Fig. 4, 

B and C, and fig. S6A) (16). Lag3, an inhibitory co-receptor detected on exhausted CD8 T 

cells during chronic viral infection and tumor-infiltrating T cells, was one of the most highly 

expressed genes in tolerant T cells (17, 18) (Fig. 4, C and E). Gene ontology classification of 

tolerance-specific genes revealed that genes modulating cell cycle, cell division, nucleosome 
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assembly, mitosis, and DNA replication were also highly overrepresented and up-regulated. 

These genes included histone proteins, minichromosome maintenance proteins, kinesins, 

cell division cycle proteins, and proteins of the spindle assembly and mitotic checkpoint 

complex (Fig. 4C and fig. S6, A and B). When tolerant T cells underwent HP in 

lymphopenic tolerogenic hosts, the tolerance gene signature was largely replaced by a 

signature remarkably similar to that of memory T cells (Fig. 4, A to E). Rescued T cells not 

only down-regulated tolerance-specific genes but expressed 475 additional genes at levels 

similar to those in memory T cells. We classified these genes into seven “rescue-associated” 

gene sets (clusters 1,2, 7, 8, 10, 11, and 14), suggesting that functional impairment of 

tolerant T cells is due to the expression of tolerance-specific genes and lack of rescue-

associated genes. Genes down-regulated in rescued and memory T cells (cluster 1, 84 genes) 

included the negative regulators and transcription factors Dusp2 and Egr1/Egr2 and the 

histone demethylase Jmjd3 (19,20) (Fig. 4D and fig. S6C). Genes significantly up-regulated 

in rescued and memory T cells (clusters 2, 7, 8, 10, 11, 14; 391 genes) included (i) effector 

molecules Infg, Prf1, Gzmm, and Grn; (ii) master transcription factors controlling effector T 

cell function Tbx21 (21), Eomes (22), Gata3, and Stat4 (23); and (iii) chemokine and 

cytokine molecules Cxcr3, Ccr5, Cc15, and Ill2rβ (Fig. 4, D and E, and fig. S6C). Rescued 

T cells retolerized in nontolerogenic hosts lost the rescue-associated gene signature and 

reestablished a program similar to that of tolerant T cells (Fig. 4, B to E, and fig. S6, A to 

C). Thus, T cells “remember” the tolerance program established during the initial 

encounter(s) with self-antigen in the periphery, raising the question of how such memory is 

encoded. This likely reflects epigenetics, the regulation of gene expression by mechanisms 

other than changes in the DNA sequence that is organized at multiple levels involving DNA 

methylation, histone modifications, nucleosome organization, and noncoding RNAs [e.g., 

micro-RNA (miRNA)]. Indeed, we found that transcripts of numerous genes regulating 

chromatin modification were enriched in tolerant and retolerized T cells (e.g., Jmjd3, 
Dnmt1, Hat1, Hdac2, Hdac3, etc.; fig. S7).

We focused on one critical aspect of epigenetic regulation of gene expression by asking 

whether specific miRNA expression changes might contribute to distinct mRNA expression 

profiles (24). Genome-wide miRNA profiling of naïve (N), memory (M), tolerant (T), and 

rescued (RS) T cells revealed that N, M, and T had distinct miRNA expression patterns. RS 

only differed from T in expression of three miRNAs: miR-21, miR-184, and miR-181a (Fig. 

4F). miR-21 and miR-184 were overexpressed in RS compared with T, whereas miR-181a 

was decreased. miR-21 and miR-184 regulate cell proliferation and are overexpressed in 

many human cancers (25), suggesting that increased levels of miR-21 and miR-184 in RS 

may be due to ongoing proliferation rather than specifically associated with rescue. We 

therefore focused on miR-181a and confirmed by quantitative real-time polymerase chain 

reaction (PCR) that miR-181a was highly expressed in T and RT but low in M and RS (Fig. 

4G and fig. S8A). Furthermore, miR-181a expression in M, RS, T, and RT inversely 

correlated with mRNA levels of known and predicted target genes compiled from published 

reports pointing to miR-181a as a possible key epigenetic regulator of tolerance (fig. S8, B 

to D). Previous studies showed that increasing miR-181a expression in CD4 T cells 

decreases TCR signaling threshold and increases antigen sensitivity (26, 27). Our finding 
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suggests that miR-181a plays a different role in CD8 T cells, negatively regulating cell 

function.

Many eukaryotic somatic cells, including T cells, exist in a state of cellular quiescence—a 

reversible nonproliferative state. Cognate antigen stimulation triggers T cells (e.g., naïve and 

memory) to exit the quiescent state, enter the cell cycle, and undergo clonal expansion. This 

ability to maintain quiescence while retaining the capacity to rapidly proliferate is tightly 

orchestrated by transcription factors, cell cycle regulators, and checkpoints, including DNA 

replication, chromatin organization, and chromosome segregation proteins (28, 29). In 

contrast to naïve or memory T cells, whose transcriptional machinery is poised to enter the 

cell cycle upon antigen stimulation, we propose that TCR signaling in tolerant T cells is 

disengaged from cell cycle reentry control mechanisms. Lymphopenia provides a window of 

opportunity during which alternative signaling pathways enable tolerant T cells to proliferate 

independently of cognate antigen encounter, creating a permissive state where epigenetic 

control is temporarily superseded, allowing tolerant T cells to respond to antigen. However, 

after the mediator(s) of lymphopenia-mediated rescue disappear, T cells exit the cell cycle 

and become quiescent, and epigenetic control is once again reimposed, leading to restoration 

of the tolerant phenotype (fig. S9).

We have delineated the molecular program of tolerant, self-antigen–specific CD8 T cells and 

identified lymphopenia as a therapeutic opportunity to rescue, expand, and use tolerant T 

cells for cancer immunotherapy. Because lymphopenia-mediated rescue is only transient, 

with reestablishment of tolerance dictated by epigenetic memory, permanent rescue of 

tolerant T cells will require strategies to erase tolerance-specific epigenetic memory. 

However, an alternative strategy, repeated induction of lymphopenia leading to re-rescue of 

tolerant T cells, could be the basis for a new approach to cancer immunotherapy. Conversely, 

lymphopenia has been associated with exacerbation of autoimmunity (30), including graft-

versus-host disease after autologous stem cell transplant (auto-GVHD), which is usually 

self-limited (31). Our findings not only point to a cell-intrinsic molecular mechanism for 

lymphopenia-associated autoimmune diseases but also explain their transient nature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Peripheral tolerant TCRGAG CD8 T cells are phenotypically different and functionally 

impaired compared with naïve and memory TCRGAG CD8 T cells. (A) Flow cytometric 

analysis of thymocytes from TCRGAG (naïve) and TCRGAG×Alb:GAG (tolerant) mice. 

Thymocytes were stained for CD4 and CD8, and single-positive CD8 thymocytes were 

analyzed for expression of CD44 and TCR by H2-Db/GAG-tetramer binding. (B) Flow 

cytometric analysis of splenocytes from naïve (gray) and tolerant (black) mice. All CD8+ 

cells are GAG-tetramer+ and Vα3.2+, and histograms are gated on CD8+ cells. Inset 

numbers indicate mean fluorescence intensity (MFI). (C) Totals of 106 naïve, 105 memory, 

or 106 tolerant T cells were transferred intravenously into B6 and/or Alb:GAG hosts and 

infected 1 day later with 3 × 107 colony-forming units (cfu) of LM-GAG (solid circle) or 

LM-∅ (open circle) as control. Percent (top) and cell numbers (bottom) of donor T cells in 

spleens were determined 7 days postinfection. (D) A total of 5 × 105 tolerant T cells 

(Thy1.2) were transferred intravenously into B6 hosts (Thy1.1), and 3 weeks later mice were 

infected with 3 × 107 cfu of LM-GAG (solid circle) or control LM-∅ (open circle). At 7 

days postinfection, splenocytes were analyzed for cell expansion. All results are 

representative of at least two or three independent experiments with two to four mice per 

group. Error bars show SEM. ns, not significant.
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Fig. 2. 
Tolerant T cells undergo HP and become functional under lymphopenic conditions, even in a 

tolerogenic environment. (A) About 2 × 105 to 3 × 105 carboxy-fluorescein-succinimidyl 

ester (CFSE)–labeled tolerant T cells were transferred (intravenously) into lymphopenic 

Alb:GAG or B6 WT mice (Thy1.1) 1 day after total body irradiation (TBI; 5Gy). At 11 and 

20 days later, CFSE dilution of transferred tolerant T cells was analyzed by flow cytometry. 

Histograms are gated on CD8+ Thy1.2+ cells. Inset numbers show % of cells that did not 

proliferate, and numbers of cell divisions are indicated. (B and C) At 22 days after adoptive 

transfer of 0.5 × 105 to 1 × 105 tolerant T cells into lymphopenic Alb:GAG or B6 hosts, 

mice were immunized with 3 × 107 cfu of LM-GAG or LM-∅. At 7 days postinfection, 

peripheral blood was analyzed for expansion of transferred tolerant T cells. Results are 

representative of at least five independent experiments. ***P < 0.0001. (D) (Top) CFSE-

labeled tolerant T cells were transferred into lymphopenic (Thy1.1) Alb:GAG mice, 

Alb:GAG Ill5−/− mice, or Alb:GAG Ill5−/− mice treated with neutralizing mAb against IL-7 

(anti-IL7) 1 day after TBI, and spleen cells were analyzed 12 days later (top). To confirm the 

efficacy of anti-IL7 treatment, we transferred CFSE-labeled, naïve T cells into lymphopenic 

B6 wild-type (WI) mice (open histogram) or B6 mice treated with neutralizing anti-IL7 

(solid histogram); 12 days later spleen cells were analyzed. Histograms are gated on CD8+ 

Thy1.2+ cells. (Bottom) At day 22 after transfer, mice were immunized with LM-GAG or 

LM-∅, and 7 days later spleens were assessed for expansion of donor T cells. Results are 

pooled from two independent experiments with a total of five to seven mice per group.
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Fig. 3. 
Rescued T cells reacquire tolerance in lymphoreplete hosts even in the absence of the 

tolerogen. (A) Flow cytometric analysis of proliferation of tolerant T cells determined by 

BrdU incorporation (left) and Ki67 staining (right) 2 to 3 weeks after transfer into 

lymphopenic mice (top) and at >3 to 4 months after transfer, when recipients had become 

lymphoreplete (bottom). Histograms are gated on CD8+ Thy1.2+ splenocytes. Percents of 

BrdU-positive and Ki67-positive transferred T cells are shown. (B) At 3 weeks (HP) or >3 to 

4 months (post-HP) after transfer into lymphopenic Alb:GAG or B6 (Thy1.1) mice, mice 

were immunized with 3 × 107 cfu of LM-GAG or LM-∅. At 7 days postinfection, 

splenocytes were analyzed for expansion of transferred T cells. Data show mean ± SEM. For 

B6 hosts, ***P < 0.0001; for GAG hosts, ***P = 0.0007. (C) Intracellular TNF-α and IFN-

γ production by tolerant T cells isolated 10 to 14 days (HP) or >3 to 4 months after transfer 

(post-HP) into irradiated Alb:GAG or B6 hosts. Memory and tolerant T cells are shown as 

control (top). Results are representative of at least three independent experiments.
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Fig. 4. 
Genome-wide mRNA and miRNA expression profiling of naïve, memory, tolerant, rescued, 

and retolerized TCRGAG CD8 T cells. (A to D) mRNA expression profiling. (A) PCA of the 

indicated cell populations. A total of 56.9% of the variation in samples was revealed in the 

first two principal components. For naïve, memory, and tolerant T cells, n = 3; for rescued, n 
= 4; and for retolerized, n = 2. (B) K-means clustering was used to partition differentially 

expressed genes into 14 distinct clusters. Transcript levels for all clusters are shown for 

naïve, memory, tolerant, rescued, and retolerized T cell subsets. The heat map shows log2-

transformed expression intensities that were median-centered at the probe level. Higher 

expression is displayed in red, and lower expression in green. Rescue-associated gene sets 

indicated by solid diamonds; tolerance-specific gene clusters, open diamonds. (C) (Top) 

Selected genes from tolerance-specific clusters 9 and 13. (Bottom) Biological processes 

[Gene Ontology (GO) terms] enriched in tolerant and retolerized T cells. Genes associated 

within each cluster and GO are listed in fig. S6, A and B. (D) Selected genes from rescue-

associated clusters 1 and 11. Additional clustering data are provided in fig. S6C. (E) Flow 

cytometric validation of Lag-3, T-bet, and Eomes expression in memory, tolerant, rescued, 

and retolerized T cells. Numbers indicate MFI. Data are representative for three independent 

experiments. (F) MiRNA microarray. Heat map of two-way hierarchical clustering of 

miRNAs and T cell samples. Each row represents a miRNA, and each column represents a 

sample [naïve (N); memory (M); tolerant (T); rescued (RS) T cells]. Higher expression is 

displayed in red and lower expression in blue; P < 0.001. Red stars indicate the miRNAs that 

are differently expressed in T compared with RS. (G) Expression of miR-181a in T, RS, and 

retolerized (RT) T cells determined by quantitative real-time PCR and normalized to 

miR-34a and miR-let7a. Error bars show SEM.
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