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Abstract

Foxp3+ T regulatory cells (Tregs), conventional CD4+Foxp3− T cells, and CD8+ T cells represent 

heterogeneous populations composed of naïve-phenotype (NP, CD44low) and memory-phenotype 

(MP, CD44high) subpopulations. NP and MP subsets differ in their activation state, contribution to 

immune function, and capacity to proliferate in vivo. To further understand the factors that 

contribute to the differential homeostasis of NP/MP subsets, we examined the differential effects 

of CD28 and CTLA-4 interaction with CD80/CD86, as well as MHC class II-TCR interaction 

within mouse Treg, CD4+, and CD8+ T cell pools. Blockade of CD80/CD86 with CTLA-4-Ig 

markedly reduced the cycling and absolute numbers of MP Tregs and MP CD4+ T cells, with 

minimal effect on the NP T cell subpopulations. Blockade of MHC class II-TCR interaction led to 

selective expansion of MP Tregs and MP CD4+ and CD8+ T cells that was reversed upon co-

treatment with CTLA-4-Ig. Treatment with anti-CTLA-4 mAb altered MP Treg and MP CD4+ and 

CD8+ T cell homeostasis in a manner similar to that observed with anti-MHC class II. We 

postulate a complex pathway in which CD28 is the primary driver of Treg proliferation and 

CTLA-4 functions as the main brake but is likely dependent upon TCR signals and CD80/CD86. 

These findings have important implications for the use of biologic agents targeting such pathways 

to modulate autoimmune and neoplastic disease.

Introduction

Foxp3+ T regulatory cells (Tregs) are critical to the maintenance of immune homeostasis and 

tolerance (1, 2). Tregs, conventional CD4+Foxp3− T cells (Tconvs, herein referred to as 

CD4+), and CD8+ T cells represent heterogeneous populations composed of memory/

effector/activated-phenotype (MP, CD44high) and naive/quiescent/resting-phenotype (NP, 

CD44low) subpopulations (3). While the expression of CD44 on CD4+ and CD8+ T cells is 

bimodal, its expression on Tregs is more broadly distributed making it somewhat difficult to 

clearly delineate distinct populations (4, 5). Recently, expression of the GPI-linked surface 

protein, Ly-6C, has been used to discriminate between high and low affinity self-reactive T 
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conventional (Tconvs) cells (6) and has further proven useful as a more specific marker to 

divide peripheral Tregs into NP (~30%, Ly-6C+) and MP (~70%, Ly-6C−) subpopulations 

(7). The Ly-6C− Treg population was proposed to undergo increased TCR signaling events 

compared to Ly-6C+ Tregs based upon increased level of CD5 expression as well as CD3ζ 
phosphorylation and an augmented proportion of nuclear NFAT. This correlated with 

increased an activation status for the Ly-6C− subset, including higher levels of CTLA-4, 

increased cycling in the steady state and heighted suppressor function in vivo and in vitro. 

One of the more prominent characteristics of MP Tregs and MP CD4+ T cells is their high 

degree of cell cycling in vivo (~10% proliferate/day) (5, 8). While the cytokines IL-7 and 

IL-15 have been shown to drive MP CD8+ T cell proliferation (9), the cellular or soluble 

factors that regulate MP Tregs and MP CD4+ T cell proliferation in vivo are poorly 

characterized.

Optimal T cell activation and expansion involves TCR engagement of cognate peptide 

presented in the context of MHC as well as a second, co-stimulatory signal. CD28 represents 

a major co-stimulatory molecule constitutively expressed by T cells that binds the B7 family 

members B7-1 (CD80) and B7-2 (CD86) present on APC, resulting in enhancement of T 

cell proliferation, cytokine production, and survival (10, 11). Such action is opposed by the 

key inhibitory molecule CTLA-4, which competes with CD28 for engagement with CD80 

and CD86 and leads to downregulation of T cell responsiveness (12). Unopposed CD28 

stimulation, as in the case of genetic disruption of CTLA-4, results in profound immune 

dysregulation and autoimmune disease, akin to scurfy mice, which is fatal within 3-4 weeks 

of birth (13, 14). The critical role of CTLA-4 in regulation of CD28-dependent T cell 

costimulation is demonstrated by the lack of autoimmunity in CTLA-4-deficient mice when 

crossed with mice lacking CD80 and CD86 (15).

The co-receptors CD28 and CTLA-4 and their ligands CD80/CD86 have been demonstrated 

to play critical roles in the generation, maintenance, and function of Tregs. While CTLA-4 is 

upregulated on conventional T cells following activation, it is constitutively expressed by 

Tregs in the steady state. Blockade of CD80/CD86 with CTLA-4-Ig leads to a rapid decrease 

in both thymic and peripheral Tregs (16, 17). Mice with conditional deletion of CD28 in 

Tregs have a 25% decrease in the number of thymic Tregs, while peripheral Treg numbers 

are maintained (18). However, between 8-12 weeks of age, such mice develop signs of 

autoimmunity that in many respects phenotypically resembles the much more rapid 

development of autoimmunity in scurfy mice. Surviving CD28 deficient Tregs do exhibit a 

more naive phenotype characterized by lower levels of CTLA-4, PD-1, and CD103. 

Treatment of mice with anti-CTLA-4 antibody results in enhanced Treg proliferation and 

frequency (17, 19). The role for CTLA-4 in modulating Treg function has been shown to 

include a cell intrinsic mechanism controlling TCR signaling (20), along with several 

distinct cell extrinsic mechanisms (21, 22) including competition with CD28 on Tconvs for 

CD80/CD86 signaling (23, 24), negatively signaling antigen presenting cells (APC) via 

CD80/CD86 (25), and actively removing CD80/CD86 from the APC surface via 

transendocytosis (26). Furthermore, targeted deletion of CTLA-4 in Tregs of adult mice 

resulted in enhanced Treg proliferation suggesting that the major function of CTLA-4 in 

Tregs was to act as an intrinsic brake on their proliferation (27).

Holt et al. Page 2

J Immunol. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



While the roles of CD28 and CTLA-4 in Treg homeostasis have received considerable 

attention, much less is known about the contribution of TCR signals alone or the 

interrelationships between TCR and co-stimulatory/co-inhibitory signals on Treg 

homeostasis. Two studies in which TCR expression was deleted among peripheral Tregs (28, 

29) concluded that TCR deficient Tregs maintain Foxp3 expression and remain hypo-

responsive but lose Treg suppressor function. Here, we examine the differential effects of 

CD28 and CTLA-4 interaction with CD80/CD86, as well as MHC Class II-TCR interaction, 

on Treg subset homeostasis and compare these results to the effects of manipulation of such 

pathways on the homeostasis of NP and MP CD4+ and CD8+ T cell subpopulations. Our 

results are consistent with a complex pathway in which CD28 is the primary driver of Treg 

proliferation and CTLA-4 functions as the main brake but is also dependent upon TCR 

signals and interactions with CD80/CD86. These results have important implications for the 

use of biologic agents to these targets to modulate T effector cell function.

Materials and Methods

Mice

Female C57BL/6 mice were obtained from The Jackson Laboratory, Taconic Farms and 

Charles River Laboratories. Fcεr1γ−/− (FcRγ−/−; B6.129P2-Fcer1gtm1RavN12) mice were 

obtained from Taconic Farms. Spleens of C57BL/6 germ-free (GF) and the related specific-

pathogen-free (SPF) mice were a generous gift from Dr. Yasmine Belkaid (Laboratory of 

Parasitic Diseases, NIAID, NIH). All mice were sex- and age-matched for experimentation 

and used between 7-12 weeks of age. All animal protocols used in this study were approved 

by the NIAID Animal Care and Use Committee.

Flow cytometry and antibodies

Single cell suspensions were obtained from the spleens of mice and stained with the 

following anti-mouse mAbs: B220 (clone RA3-6B2), CD4 (clone RM4-5), CD8 (clone 

53-6.7), CD44 (clone IM7), CTLA-4 (clone UC10-4B9), Foxp3 (clone FJK-16s), and TCRβ 
(clone H57-597) from eBioscience and anti-human Ki-67 (clone B56) from BD Pharmingen. 

For intracellular staining of Foxp3 and Ki-67, cells were first stained for surface markers and 

then fixed and permeabilized using the Foxp3/Transcription Factor Staining Buffer Set 

(eBioscience) according to the manufacturer’s instructions. Flow cytometry data were 

acquired using a LSR II Flow Cytometer (BD Biosciences) and analyzed using FlowJo 

software (Treestar).

In vivo treatment

Mice were treated with the following: 450 μg/dose (i.p.) of anti-mouse IL-2 mAb (clone 

S4B6-1; BioXCell) or PBS on d 0, 2, 4, and 6 and sacrificed on d 9; 250 μg/dose (i.p.) of 

human CTLA-4-Ig (Orencia; Bristol-Myers Squibb) or PBS on d 0, 2, 4, and 6 and 

sacrificed on d 8; 700 μg/dose (i.p.) of anti-mouse I-Ab mAb (clone Y-3P; BioXCell) or 

mouse IgG2a (clone C1.18.4) or PBS on d 0, 2, and 3 and sacrificed on d 6; 250 μg/dose 

(i.p.) of anti-mouse CTLA-4 mAb (clone UC10-4F10-11; BioXCell) or Armenian hamster 

IgG on d 0, 2, 4, and 6 and sacrificed on d 8. For co-treatment studies, mice were treated 
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with CTLA-4-Ig on d 0, 2, and 4 along with anti-I-Ab mAb on d 0, 2, and 3 and sacrificed 

on d 6.

Statistical analysis

Comparisons between groups were tested by two-tailed unpaired Student's t test or one-way 

ANOVA using Prism 6 (GraphPad Software, Inc). Statistical significance was determined 

based on the following P values: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001

Results

Acute blockade of IL-2 does not severely impact Treg homeostatic proliferation

The partitioning of Tregs into distinct subsets based on the expression of CD44 and CD62L 

with unique expression profiles revealed that IL-2 is important in selectively maintaining a 

quiescent Treg population (5). Furthermore, blockade of IL-2 signaling did not interfere with 

Treg homeostatic proliferation. While CD44 is a useful marker to delineate naive versus 

memory cells in the Tconv cell pool, its use to divide Tregs remains challenging 

(Supplemental Fig. 1A, B). We therefore incorporated the cell surface marker Ly-6C that has 

recently been identified to separate two distinct Treg populations (7) in order to further 

examine the role of IL-2 in Treg homeostasis. Wild-type (WT) C57BL/6 mice were treated 

with anti-IL-2 mAb every other day for 6 days prior to isolation of splenocytes on d 9. The 

percentage of Tregs decreased following anti-IL-2 mAb treatment, although their absolute 

numbers remained unchanged (Fig. 1A). In the steady state, approximately 20-30% of Tregs 

express Ly-6C within the spleen. While no change in the distribution of Ly-6C+ and Ly-6C− 

Tregs was observed following blockade of IL-2 (Fig. 1B), the number of Ly-6C+ Tregs 

decreased slightly (Fig. 1B). In comparison to the mainly quiescent Ly-6C+ Tregs, the 

Ly-6C− subset undergoes pronounced proliferation in the steady state (7; Supplemental Fig. 

1C). Treatment of mice with anti-IL-2 mAb slightly diminished the homeostatic cycling of 

Ly-6C− Tregs (Fig. 1C), evident from Ki-67 expression, a marker of cell cycle progression. 

Although analysis of the CD4+ and CD8+ T cell compartments revealed no significant 

change in the percentage of MP T cells (Fig. 1D, 1F), a modest increase in the proliferation 

of MP CD4+ T cells and a marked in increase in the proliferation of CD8+ T cells following 

blockade of IL-2 (Fig. 1E, 1G). A significant increase in the absolute number of MP CD8+ T 

cells was also observed (Fig. 1F).

We further examined the impact of commensal bacteria on the homeostasis of Ly-6C+ and 

Ly-6C− Tregs as well as NP and MP CD4+ and CD8+ T cells. Analysis of the spleen 

between SPF and germ-free GF mice in the steady state revealed no difference in the 

frequency of the various T cell subsets (Supplemental Fig. 2). Furthermore, we did not 

observe a change in the proliferation of MP CD4+ and CD8+ T cell populations, although a 

small, yet significant, reduction in Ki-67 expression was evident among the Ly-6C− Treg 

subset (Supplemental Fig. 2C). Such results implicate non-bacteria driven signals are key 

mediators of T cell subset homeostasis.
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Steady state cycling of T cells requires intact CD80/CD86 signaling

To assess the role of co-stimulation in the peripheral homeostasis of NP and MP T cell 

populations, human CTLA-4-Ig was administered to WT C57BL/6 mice on d 0, 2, 4, and 6. 

CTLA-4-Ig can block CD28 signaling by binding to and decreasing the availability of CD80 

and CD86 and has been shown to prevent the fatal autoimmune disease in CTLA-4-deficient 

mice (30). Examination of the spleen on d 8 revealed a significant reduction in both the 

frequency and absolute number of Tregs (Fig. 2A) accompanied by a reciprocal increase/

decrease in the frequency of the Ly-6C+/Ly-6C− subsets, respectively (Fig. 2B). The 

reduction in Treg number was more prominent among the Ly-6C− population (Fig. 2B), 

which demonstrated a 3.3-fold reduction in their expression of Ki-67 (Fig. 2C). In contrast 

to the NP T cell subset, MP CD4+ and CD8+ T cells undergo prominent proliferation in the 

steady state. The loss of co-stimulation further resulted in a significant reduction in the 

frequency, absolute number, and cycling of MP CD4+ T cells (Fig. 2D, 2E), while the 

number of NP CD4+ T cells remained relatively unchanged (Fig. 2D). A portion of the 

proliferative response of MP CD4+ T cells depends on IL-7 (8) and that may account for the 

fraction of Ki-67 expression not blocked by CTLA-4-Ig. Although CTLA-4-Ig treatment did 

not alter the frequency or number of either NP or MP CD8+ T cells (Fig. 2F), we did observe 

a significant decrease in the expression of Ki-67 among MP CD8+ T cells (Fig. 2G). Overall, 

these results suggest that CD80/CD86 signaling is required for the homeostatic proliferation 

of both the Ly-6C− Treg and MP CD4+ T cell pools and to a lesser extent MP CD8+ T cells.

Blockade of MHC Class II results in prominent expansion of Ly-6C− Tregs as well as MP 
CD4+ and MP CD8+ T cells

One possible explanation for the effects of co-stimulatory blockade on the homeostasis of 

Ly-6C− Tregs and MP CD4+ T cells is that these populations depend on TCR signaling 

together with co-stimulation via CD80/CD86 in a manner similar to the requirements for 

naive T cell activation. Although the role for MHC Class II-TCR interaction in the survival 

of NP CD4+ T cells remains controversial, the long-term survival of MP CD4+ T cells is 

agreed to be MHC-independent (3). To initially test this hypothesis, we administered an anti-

MHC Class II mAb to WT C57BL/6 mice on d 0, 2, and 3 with analysis of the spleen on d 6. 

The in vivo use of such an antibody has been shown to disrupt TCR signaling, evident by a 

reduction in the phosphorylation of CD3ζ and ZAP-70 as well as NFAT localization among 

T cells (7, 31, 32). Consistent with previous reports (33), treatment of WT mice with anti-I-

Ab mAb led to a substantial depletion of antigen presenting cells, such as B cells, occurring 

as early as 24 h following antibody administration (data not shown). To avoid this 

confounding factor of antibody-mediated depletion, FcRγ-deficient (FcRγ−/−) mice that 

lack the γ-chain subunit of the Fc receptor were used. In marked contrast to the results seen 

with co-stimulatory blockade, treatment of FcRγ−/− mice with anti-I-Ab mAb resulted in a 

significant expansion of Treg frequency and absolute number (Fig. 3A) that corresponded 

with selective expansion and proliferation of the Ly-6C− Treg subset (Fig. 3B, 3C). 

Blockade of MHC Class II also resulted in a significant expansion and enhanced 

proliferation of MP CD4+ T cells (Fig. 3D, 3E) with no effect on NP CD4+ T cell number 

(Fig. 3D). While the number of NP CD8+ T cells was unchanged, the MP CD8+ T cell pool 

expanded to comprise ~55% of the CD8+ T population (Fig. 3F), with ~80% of MP CD8+ T 

cells expressing Ki-67 versus <30% in the steady state (Fig. 3G).
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The conditional deletion of TCR on Tregs (in a homozygous setting) has been shown to 

result in a severe inflammatory condition (28). Consistent with such findings, the disruption 

of MP T cell homeostasis following MHC Class II blockade in FcRγ−/− mice also correlated 

with higher levels of IFN-γ expression among CD4+ and CD8+ T cells following in vitro 
stimulation (Fig. 3H). This enhanced cytokine production reflected an increase in the 

frequency of MP cells, as the amount of IFN-γ among MP CD4+ and CD8+ T cells, on a per 

cell basis, was comparable between mouse IgG2a and anti-I-Ab mAb treated groups (data 

not shown).

While the co-inhibitory molecule CTLA-4 is upregulated on non-Tregs following activation, 

it is constitutively expressed by Tregs and plays a major role in their suppressive function 

and maintenance of immune homeostasis (21, 34). Furthermore, it has been shown that 

CTLA-4 undergoes intracellular trafficking and focal localization towards sites of TCR 

engagement (35). We questioned whether the transient and global blockade of MHC Class II 

resulted in a potential disruption of CTLA-4 expression among Tregs. In spite of the 

constitutive expression of CTLA-4 on Tregs compared to Tconv cells, quantitation of cell-

surface CTLA-4 is difficult secondary to the high rate of cycling within intracellular 

compartments. Previous reports have shown that Ly-6C+ Tregs possess lower levels of 

intracellular CTLA-4 in the steady state compared to the Ly-6C− population (7). While no 

change in CTLA-4 expression was evident among the Ly-6C+ subset after treatment of 

FcRγ−/− mice with anti-I-Ab mAb, we did observe a significant increase in CTLA-4 MFI 

among the Ly-6C− Tregs (Supplemental Fig. 3). Whether this increase in intracellular 

CTLA-4 level reflects a reduced ability to cycle to the cell surface resulting in accumulation 

within the cell or simply a reflection of increased cellular activation resulting from increased 

proliferation remains to be determined.

Expansion of Ly-6C− Tregs and MP CD4+ T cells following MHC Class II blockade is 
dependent on CD80/CD86 co-stimulation

To determine whether the enhanced proliferation of Ly-6C− Tregs and MP CD4+ T cells 

following global MHC Class II blockade was mediated by co-stimulation via CD28, we 

administered anti-I-Ab mAb (on d 0, 2, and 3) to FcRγ−/− mice in conjunction with 

CTLA-4-Ig (on d 0, 2, and 4). The expansion of Ly-6C− Tregs and MP CD4+ T cells 

observed on d 6 following blockade of MHC Class II was markedly abrogated in the 

presence of CTLA-4-Ig (Fig. 4), strongly suggesting a requirement for CD28 stimulation via 

CD80/CD86 in this process. While a pronounced Ki-67 expression peak was still observed 

among MP CD8+ T cells during this co-treatment, it was significantly diminished compared 

to anti-I-Ab mAb alone (Fig. 4). Differences in the duration of treatment as well as mouse 

strain may account for variation in the degree to which Ki-67 expression was reduced 

following CTLA-4-Ig administration alone between Fig. 2 and Fig. 4.

CTLA-4-CD80/CD86 interactions are necessary to control homeostatic proliferation of 
Ly-6C− Tregs and MP CD4+ and CD8+ T cells

The above results raise the possibility that the proliferation of Ly-6C− Tregs and MP CD4+ T 

cells is dependent on CD80/CD86 derived co-stimulatory signals and furthermore that the 

role of TCR signaling is to directly (in terms of CD4+ T cells) or indirectly (in terms of 
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CD8+ T cells) restrain Treg and MP T cell expansion under steady-state conditions. One 

potential mechanism by which MHC Class II signals might regulate such T cell homeostasis 

is by activation of the co-inhibitory receptor CTLA-4. To address this possibility, we 

administered a blocking anti-CTLA-4 mAb (or Armenian hamster IgG) to WT C57BL/6 

mice on d 0, 2, 4, and 6 with analysis of the spleen on d 8. Indeed, the effects of anti-

CTLA-4 mAb resembled those seen after anti-MHC Class II mAb treatment, as a significant 

expansion in the frequency and absolute number of Tregs (Fig. 5A) and an increase in the 

number and proliferation of the Ly-6C− Treg subset (Fig. 5B, 5C) were observed. Analysis 

of the spleen on d 8 resulted in a significant increase in the percentage, absolute number, and 

proliferation of MP CD4+ T cells (Fig. 5D, 5E) with minimal change in NP CD4+ T cells 

(Fig. 4D). While the size of the NP and MP CD8+ T cell pools were not impacted by such 

treatment (Fig. 5F), the expression of Ki-67 among MP CD8+ T cells was significantly 

enhanced (Fig. 5G). The extent of Ki-67 expression following anti-CTLA-4 mAb treatment 

was less than that observed upon blockade of MHC Class II, suggesting additional 

mechanisms may be involved during anti-I-Ab mAb treatment. Regardless, the effects of 

CTLA-4 blockade were not secondary to antibody-mediated deletion of T cells as similar 

results were observed using FcRγ−/− mice (Supplemental Fig. 4).

Discussion

We have examined in depth the differential roles of CD28, CTLA-4, and TCR signaling on 

the homeostasis of NP and MP T cell populations. Taken together, our results demonstrate 

that the homeostasis of MP Tregs and MP CD4+ and CD8+ T cells is differentially regulated 

in comparison to their NP counterparts, as the changes we have observed by blocking C80/

CD86, MHC Class II, and CTLA-4 signaling were for the most part only observed in the 

MP subsets. Our results support the concept that a major portion of the homeostatic 

proliferation of Treg is CD28-dependent and cytokine independent. However, CTLA-4-Ig 

blockade never completely reduced Treg proliferation and it remains possible that a fraction 

of the response in vivo is cytokine mediated, most likely, IL-7 driven (8). While CTLA-4-Ig 

treatment might compromise the function of Tregs, the negative effects of CTLA-4-Ig on 

Tregs would be neutralized by the inhibitory effects of CTLA-4-Ig on the activation of T 

effector cell functions. Although the profound effects of CD80/CD86 blockade on MP Treg 

proliferation raised the possibility that both TCR and co-stimulatory signals were driving 

their proliferation, the marked expansion of this subset following MHC class II blockade and 

CTLA-4 blockade are consistent with a more complex regulatory control of MP Treg 

homeostasis.

One explanation for the increased expansion of MP CD4+ T cells and particularly the MP 

CD8+ T cell population following blockade of MHC Class II is impairment in the cell 

intrinsic effects of CTLA-4 function leading to decreased Treg-mediated suppression of 

MP4 CD4+ and CD8+ T cells in the steady state. While it is widely accepted that CTLA-4 

plays an important role in downregulating TCR signaling via recruitment of the 

phosphatases, SHP-2 and PP2A, to its cytoplasmic tail (36-38), it has recently been reported 

that downstream signals from the TCR, including phosphorylation of SLP-76, are critical for 

optimal Treg suppression as well as expression of CTLA-4 and other Treg activation 

antigens (39). Deletion of the TCR from Tregs also has been shown to reduce the expression 
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of CTLA-4 under some conditions (28). As the effects of MHC Class II blockade were 

mimicked by treatment with anti-CTLA-4 mAb, it is possible that both TCR signals and 

signals delivered by CD80/CD86 are required for optimal CTLA-4 function. We cannot 

exclude the possibility that the effects of anti-MHC class II treatment and anti-CTLA-4 

treatment are completely unrelated. It is also possible that the effects of both of these 

treatments on Treg homeostasis are indirect and mediated by the action of these agents on 

other cells such as tolerogenic dendritic cells, regulatory B cells or via co-inhibitory 

receptors such as PD-1.

In vivo use of anti-MHC Class II mAb has been shown to disrupt TCR signaling, resulting in 

reduction in the phosphorylation of the CD3ζ chain and ZAP-70, as well as disruption in 

NFAT localization in T cells (7, 31, 32). We cannot rule out the possibility that in addition to 

the disruption of MHC Class II-TCR interactions, anti-I-Ab mAb treatment may alter the 

interaction of MHC class II with other potential ligands. CD4 has been shown to directly 

interact with MHC Class II, functioning as a cell surface adhesion molecule (40). MHC 

Class II is a ligand for lymphocyte activation gene 3 (LAG-3) (41), which is expressed on 

activated T cells and has been shown to negatively regulate cellular proliferation and 

homeostasis in a manner somewhat similar to CTLA-4 (42, 43). In particular, LAG-3 has 

been shown to regulate the accumulation and effector function of antigen-specific CD8+ T 

cells (44). Although we cannot exclude the possibility that the anti-I-Ab mAb may alter the 

interaction of other molecules with MHC Class II, we favor the hypothesis that the primary 

role of TCR signaling in Tregs is the regulation of CTLA-4 function.

A small, yet significant decrease in Ki-67 expression among the Ly-6C− Tregs was apparent, 

which may be secondary to variability among the control group and not reflective of a true 

influence by the commensal bacteria. Anti-IL-2 treatment resulted in a decrease in the 

number of Ly-6C+ Treg, which is consistent with the dependence of this subset on IL-2 for 

survival (5). Anti-IL-2 treatment also resulted in a small, but significant, decrease in the 

proliferation of the Ly-6C− subset. These results differ slightly from previous studies and the 

differences likely reflect the different anti-IL-2 treatment regimens. Most notably, anti-IL-2 

mAb enhanced the proliferation of the MP CD4+ and CD8+ subsets and resulted in an 

increase in the absolute number of MP CD8+ cells, but not MP CD4+ T cells. We believe the 

increase in the numbers of MP CD8+ T cells is secondary to the production of anti-IL-2/IL-2 

immune complexes in vivo with the anti-IL-2 mAb (S4B6) used which specifically targets 

the immune complexes to the IL-2R β-chain expressed on MP CD8+ T cells (45-48). 

Alternatively, anti-IL-2 may impair the suppressive function of Treg resulting in MP CD4+ 

and CD8+ T cell activation (49). We also considered the potential effects of the gut 

microbiota Treg homeostasis. Consistent with previous reports (7), we did not observe any 

effect of the gut microbiota on the percentages of Ly-6C+ or Ly-6C− Tregs.

Our results are consistent with a model in which CD28 signaling provides the throttle and 

CTLA-4 signaling provides the brake to coordinate MP Treg proliferation. The results 

extend previous studies (27) in which deletion of CTLA-4 expression from the entire Treg 

population in the adult mouse resulted in enhanced Treg proliferation, activation of CD4+ T 

cells, and mediated increased Treg suppressor function in vivo. In contrast, the enhanced 

proliferation of MP CD4+ T cells and particularly MP CD8+ T cells following either short-
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term anti-MHC class II or anti-CTLA-4 mAb treatment is more consistent with a loss of 

Treg-mediated suppression. Indeed, enhanced MP T cell proliferation is seen following 

depletion of Tregs (50; Punkosdy and Shevach, unpublished observations) and loss of 

suppressor function following deletion of the TCR on the MP Treg subpopulation (28, 29). 

Further studies on the relationship between Treg suppressive function and proliferation will 

be needed to clarify this issue.

The profound effects of anti-CTLA-4 mAb treatment on MP Treg and MP CD4+ and CD8+ 

T cell proliferation have important implication for the use of this checkpoint inhibitor for 

tumor immunotherapy. While the effects of anti-CTLA-4 mAb on Treg-mediated 

suppression in tumor models versus the effects of this antibody on effector T cell function 

remain unclear (51-53), Treg-specific deficiency results in enhanced tumor immunity (21). 

In our studies, anti-CTLA-4 mAb treatment resulted in marked enhancement in the number 

of Ly-6C− Tregs but simultaneously resulted in increased proliferation and absolute numbers 

of MP CD4+ T cells and increased the proliferation of MP CD8+ T cells. These results 

suggest that the anti-CTLA-4 mAb may transiently disrupt Treg-mediated suppression, even 

under non-depleting conditions. Whether these changes in the homeostasis of MP CD4+ and 

CD8+ T cells can translate into a more effective anti-tumor response remains to be 

investigated. Lastly, while global blockade of MHC Class II is usually regarded as an 

immunosuppressive, its use in our studies revealed marked expansion of MP CD4+ and 

CD8+ T cells suggesting that in the primed host, inhibition of MHC Class II-TCR 

interaction might blunt Treg suppression and promote CD4+ and CD8+ T cell effector 

function in the tumor bearing host.
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FIGURE 1. 
Acute blockade of IL-2 does not severely impact Treg homeostatic proliferation. WT 

C57BL/6 mice were administered anti-IL-2 mAb (or PBS) on d 0, 2, 4, and 6 and spleens 

harvested on d 9. (A) Representative contour plots of Foxp3 expression among total CD4+ T 

cells (left). Pooled frequency and number of Foxp3+ cells among total CD4+ T cells (right). 

(B) Representative contour plots of Ly-6C expression among Tregs. Pooled frequency and 

number of Ly-6C+ cells and number of Ly-6C− cells among Tregs. (C) Representative 

contour plots of Ly-6C versus Ki-67 expression among Tregs (left). Representative 

histograms of Ki-67 expression among Ly-6C− Tregs; pooled frequency of Ki-67 expression 

among Ly-6C− Tregs (right). Representative histograms of CD44 expression among CD4+ T 

cells (D) or CD8+ T cells (F). Pooled frequency (top) and number (bottom) of MP CD4+ T 

cells (D) or MP CD8+ T cells (F). Representative histograms (left) and pooled frequency 

(right) of Ki-67 expression among MP CD4+ T cells (E) or MP CD8+ T cells (G). Filled 

circles represent PBS treatment; open circles represent anti-IL-2 mAb treatment. Each 

symbol represents an individual mouse from two independent experiments with three or four 

mice per group per experiment (PBS, six total mice; anti-IL-2 mAb, seven total mice). Small 

horizontal lines indicate the mean. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 

(unpaired Student's t test).
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FIGURE 2. 
Steady state cycling of T cells requires intact CD80/CD86 signaling. WT C57BL/6 mice 

were administered human CTLA-4-Ig (Orencia) or PBS on d 0, 2, 4, and 6 and spleens 

harvested on d 8. (A) Representative contour plots of Foxp3 expression among total CD4+ T 

cells (left). Pooled frequency and number of Foxp3+ cells among total CD4+ T cells (right). 

(B) Representative contour plots of Ly-6C expression among Tregs. Pooled frequency and 

number of Ly-6C+ cells and number of Ly-6C− cells among Tregs. (C) Representative 

contour plots of Ly-6C versus Ki-67 expression among Tregs (left). Representative 

histograms of Ki-67 expression among Ly-6C− Tregs; pooled frequency of Ki-67 expression 

among Ly-6C− Tregs (right). Representative histograms of CD44 expression among CD4+ T 

cells (D) or CD8+ T cells (F). Pooled frequency (top) and number (bottom) of MP CD4+ T 

cells (D) or MP CD8+ T cells (F). Representative histograms (left) and pooled frequency 

(right) of Ki-67 expression among MP CD4+ T cells (E) or MP CD8+ T cells (G). Filled 

circles represent PBS treatment; open circles represent CTL4-Ig treatment. Each symbol 

represents an individual mouse from three independent experiments with three - five mice 

per group per experiment (twelve mice total). Small horizontal lines indicate the mean. *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired Student's t test).
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FIGURE 3. 
Blockade of MHC Class II results in prominent expansion of Ly-6C− Tregs as well as MP 

CD4+ and CD8+ T cells. FcRγ−/− mice were administered anti-I-Ab mAb (or mouse IgG2a) 

on d 0, 2, and 3 and spleens harvested on d 6. (A) Representative contour plots of Foxp3 

expression among total CD4+ T cells (left). Pooled frequency and number of Foxp3+ cells 

among total CD4+ T cells (right). (B) Representative contour plots of Ly-6C expression 

among Tregs. Pooled frequency and number of Ly-6C+ cells and number of Ly-6C− cells 

among Tregs. (C) Representative contour plots of Ly-6C versus Ki-67 expression among 

Tregs (left). Representative histograms of Ki-67 expression among Ly-6C− Tregs; pooled 

frequency of Ki-67 expression among Ly-6C− Tregs (right). Representative histograms of 

CD44 expression among CD4+ T cells (D) or CD8+ T cells (F). Pooled frequency (top) and 

number (bottom) of MP CD4+ T cells (D) or MP CD8+ T cells (F). Representative 

histograms (left) and pooled frequency (right) of Ki-67 expression among MP CD4+ T cells 

(E) or MP CD8+ T cells (G). (H) Total splenocytes were stimulated in vitro with PMA/

ionomycin in the presence of Golgistop for 3.5 hours. Pooled frequency of IFN-γ expression 

among CD4+ cells (left) and CD8+ T cells (right). Filled circles represent mouse IgG2a 

treatment; open circles represent anti-I-Ab mAb treatment. For pooled frequency data (A-G), 

each symbol represents an individual mouse from three independent experiments with three 

or four mice per group per experiment (eleven mice total). For pooled number data (A, B, D, 
F), each symbol represents an individual mouse from two independent experiments with 

three or four mice per group per experiment (seven mice total). For pooled frequency data 

(H), each symbol represents an individual mouse from two independent experiments with 

two or three mice per group per experiment (five mice total). Small horizontal lines indicate 

the mean. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired Student's t test).
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FIGURE 4. 
Expansion of Ly-6C− Tregs and MP CD4+ T cells following MHC Class II blockade is 

dependent on CD80/CD86 availability. FcRγ−/− mice were administered PBS, CTLA-4-Ig 

alone (on d 0, 2, and 4), anti-I-Ab mAb alone (on d 0, 2, and 3) or co-treatment of CTLA-4-

Ig and anti-I-Ab mAb; spleens were harvested on d 6. (A) Representative histograms and (B) 

pooled frequency of Ki-67 expression among Ly-6C− Tregs, MP CD4+ T cells, or MP CD8+ 

T cells. Filled circles represent PBS treatment; open circles represent CTLA-4-Ig treatment; 

filled squares represent anti-I-Ab mAb treatment; open squares represent co-treatment of 

CTLA-4-Ig and anti-I-Ab mAb. For pooled frequency data, each symbol represents an 

individual mouse from two independent experiments (PBS, four total mice; CTLA-4-Ig, five 

total mice; anti-I-Ab mAb, five total mice; CTLA-4-Ig + anti-I-Ab mAb, seven total mice). 

Small horizontal lines indicate the mean. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001 (one-way ANOVA).
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FIGURE 5. 
CTLA-4-CD80/CD86 interactions are necessary to control homeostatic proliferation of 

Ly-6C− Tregs and MP CD4+ and CD8+ T cells. WT C57BL/6 mice were administered anti-

CTLA-4 mAb (or hamster IgG) on d 0, 2, 4, and 6 and spleens harvested on d 8. (A) 

Representative contour plots of Foxp3 expression among total CD4+ T cells (left). Pooled 

frequency and number of Foxp3+ cells among total CD4+ T cells (right). (B) Representative 

contour plots of Ly-6C expression among Tregs. Pooled frequency and number of Ly-6C+ 

cells and number of Ly-6C− cells among Tregs. (C) Representative contour plots of Ly-6C 

versus Ki-67 expression among Tregs (left). Representative histograms of Ki-67 expression 

among Ly-6C− Tregs; pooled frequency of Ki-67 expression among Ly-6C− Tregs (right). 

Representative histograms of CD44 expression among CD4+ T cells (D) or CD8+ T cells 

(F). Pooled frequency (top) and number (bottom) of MP CD4+ T cells (D) or MP CD8+ T 

cells (F). Representative histograms (left) and pooled frequency (right) of Ki-67 expression 

among MP CD4+ T cells (E) or MP CD8+ T cells (G). Filled circles represent hamster IgG 

treatment; open circles represent anti-CTLA-4 mAb treatment. For pooled frequency data 

(A-G), each symbol represents an individual mouse from three independent experiments 

with three or five mice per group per experiment (thirteen total mice). For pooled number 

data (A, B, D, F), each symbol represents an individual mouse from two independent 

experiments with five mice per group per experiment (ten total mice). Small horizontal lines 

indicate the mean. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired Student's 

t test).
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